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Surface-functionalized nanoparticles (SF-NPs) have great potential to be used in many fields 
including biosensors, medicines, catalysis, environmental remediation and energy storage. This 
dissertation work demonstrate the development of solutions confronting specific problems in the 
application of nanoparticles with surface functionalization strategy. Chapter 1 presents an 
introduction.  
The electrochemical performance of silicon anode in lithium-ion battery is closely related to 
the surface properties of silicon nanoparticles (SiNPs). In Chapter 2, an epoxy group is attached 
onto the surface of SiNPs through the formation of siloxane bond by surface silanization. Electrode 
based on epoxy-functionalized SiNPs shows a much improved cell performance due to the 
improved binding system by the chemical reaction between epoxy group and poly(acrylic acid) 
binder and the reduced parasitic reactions with electrolyte. In Chapter3, a series of specially 
designed functional groups featuring ethylene oxide of different chain length terminated with an 
epoxy group are covalently attached to SiNPs by surface hydrosilylation. When employed as active 
materials for Si-graphite electrode, the surface-functionalized SiNPs improve cell performance 
with enhanced Li+ transport, stronger binding system and improved anode surface stability.  
A feasible way to make processable high refractive index (RI) optical materials is to 
introduce high RI inorganic nanofillers into the processable polymer matrix. A strong interaction 
between the two components is desired to prevent aggregation of nanoparticles in polymer. In 
Chapter 4, sulfur-containing polymer brush-grafted titanium dioxide (TiO2) nanoparticles (hairy 
TiO2 NPs) are made by surface-initiated atom transfer radical polymerization (SI-ATRP) .The 
incorporation of sulfur atom, which has high molar refraction, into side chain of vinyl monomers 
increases the intrinsic RI of the grafted polymer chains.  The hairy TiO2 NPs, featuring tunable 
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ratio between grafted polymers and inorganic core, good dispersion and processability, have great 
potential to be used alone or to be used as building block in processable high RI nanocomposites.    
Chapter 5 presents surface functionalization of SiNPs by surface-initiated “living”/controlled 
radical polymerization (SI-LRP). Polymer-grafted SiNPs show good stability in common solvents 
and are expected to be applied in many practical fields including sustainable energy storage, 
semiconductors and optical industry.  
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1.1 Surface Functionalization of Nanoparticles 
A nanoparticle (NP), by definition, is a microscopic particle of which the typical size is 
between 1-100 nm on at least one dimension. As the size of the material approaches nanoscale, the 
percentage of surface area becomes significant in relative to that of total volume. As a result, many 
interesting properties that differ nanoparticles (NPs) from their bulk counterparts emerge. For 
instance, semiconductor NPs can confine their own electrons and exhibit quantum effects.1 
Sufficiently small ferromagnetic NPs may randomly flip direction of magnetization upon thermal 
treatment.2 These unique properties of NPs draw emerging scientific attentions due to their great 
potential to open new avenues in many fields such as biology and midicine,3 semiconductors,1 
optics and energy. However, just like the two sides of a coin, while large surface area of the NPs 
brings many desirable properties, it also makes the NPs highly chemically reactive and physically 
aggregative. Therefore, NPs are usually surface functionalized with small organic ligands or 
polymers for passivation or stabilization purpose.4 As a matter of fact, surface functionalization, 
when at first glance serves as an inevitable pretreatment to passivate or stabilize NPs, is now one 
of the hottest research trends as many application-specific functionalities can be achieved by it. 
The possibility of surface-functionalized NPs to be used as biosensors,5 control release systems,6 
catalysts,7 quantum dots,8  and so on have been extensively explored. NPs can be categorized into 
different types including semiconductor NPs, metal or metal-oxide NPs, carbon-based NPs, 
ceramic NPs and organic-based NPs. Likewise, the organic surface ligands can be small organic 
groups or polymer chains. Functionalization methods vary accordingly.  
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1.1.1 Nanoparticles Functionalized with Small Organic Ligands 
1.1.1.1 Surface Functionalization of Silicon Nanoparticles 
Silicon NPs (SiNPs), with many characteristic features like high energy capacity, high 
refractive index, semiconductivity, have been extensively used as the anodes of lithium-ion 
batteries,9, biosensors,10 microelectronics,11 etc. For most of the applications, the surface of the 
SiNPs need to be functionalized with organic moieties to unlock application-related properties. In 
general, anchoring of surface organic groups on SiNPs can be classified into two types, one is 
through the formation of siloxane (Si-O-Si-R) bond while the other is through the formation of Si-
C-R bond(Scheme 1.1). Surface Si-O-Si-R bond can be achieved by surface condensation reaction 
between hydroxyl-terminated SiNPs (OH-terminated SiNPs), and hydrolyzed organosilane 
compounds, which is also named as surface silanization reaction.12 Most SiNPs possess a native 
layer of oxides upon exposed to ambient air, which contains sub-oxides and defects. Therefore, 
before surface silanization, SiNPs are usually chemically oxidized by being boiled in peroxide 
solutions. Siloxane functionality offers an effective passivation of particle surface plus varying 
functionality. Yet, siloxane bond is not kinetically stable and is inclined to hydrolysis. Besides, the 
imbedded insulant oxide-layer on particle surface may be a potential issue for certain applications. 
A more direct alternative is to functionalize the surface via formation of covalent Si-C bond, which 
is realized through coupling of activated precursors with hydride-terminated surface of SiNPs (H-
terminated SiNPs). H-terminated silicon surface is created by removing native oxide layer via 
treatment with aqueous solution of hydrofluoric acid (HF) or ammonium fluoride (NH4F). A 
variety of routes have been developed towards formation of surface Si-C bond, including but not 
limited to hydrosilylation, halogenation/alkylation, reduction of diazonium salts13 among which 









Scheme 1.1. Surface functionalization of silicon nanoparticles through formation of (a) Si-O-Si-










aldehyde, etc), is the most useful method. The pioneering work of surface hydrosilyation is 
conducted by Linford and Chidsey, in which they covalently bound an alkyl monolayer to silicon 
surface through a free-radical mechanism.14 In their work, the silyl radicals were generated by 
thermal decomposition of peroxide precursors. Later, many other radical excitation medias were 
explored including light,15 bias potential16, 17 and catalysts18, 19. Precious metal-based catalysts, 
which is represented by Karstedt's catalyst, a platinum (0) complex containing vinyl siloxane 
ligand, are used most frequently to promote the selectivity and efficiency of surface 
hydrosilylation. To date, the reaction mechanism brought up by Chalk and Harrod20 are the most 
recognized one, where unsaturated precursors and hydride of R3SiH is inserted onto platinum by 
oxidization addition, followed by rearrangement of hydride. Then an irreversible reduction 
elimination step leads to the formation of Si-C bond (Scheme 1.2).21 
1.1.1.2 Surface Functionalization of Metal-Oxide Nanoparticles 
Metal-oxide nanoparticles (M-O NPs) are of great scientific interests with their optical and 
magnetic properties. Thiols, carboxylate, silanes and phosphonates are frequently used modifiers 
for metal oxide NP surface. They can react with NP surface atom via coordination, electrostatic or 
hydrogen bonding interaction22 (Scheme 1.3). Among them, silane chemistry is the most popular 
method for surface functionalization of metal-oxide nanoparticles in that there are rich sources of 
commercial silane compounds that bear different functionalities and that functionalization 
efficiency is high. The reaction mechanism is quite similar to that of the surface silanization in 
1.1.2.1, where a condensation reaction occurs between silane and M-OH groups on the metal oxide 
surface to form M-O-Si bond. On the other hand, the past decade has also witnessed an increasing 
trend in exploiting biomimetic surface modifiers like marine mussel-inspired adhesives. Marine 










Scheme 1.2. The traditionally accepted mechanism for precious metal-catalyzed hydrosilation. 

















Scheme 1.3. Surface functionalization of a metal-oxide surface by (a) silane, (b) phosphonate, (c) 








metal, metal-oxide, silica, mica, polymers and so on even under water. Though the adhesion 
mechanism is still under debate, it is well-accepted that it is the catecholic units, which are rich in 
the Mytilus edulis foot protein (Mefp), that contribute to the adhesion ability of marine mussel.23-
25 As a matter of fact, catechol group-containing modifiers have already been widely used in 
surface modification of different metal-oxide surfaces. For example, a catechol-terminated 
biofunctional groups have been anchored onto ferromagnetic (Fe2O3) NPs for protein separation
26,  
and a catechol-end DNA has been tethered onto titanium dioxide (TiO2) NPs for drug delivery.
27 
Throughout years, a series of studies have been conducted to dig into the mechanism behind 
catechol’s adhesive ability and different theories have been proposed like coordination,28 bidentate 
or monodentate chelation,23 bridged bidentate chelation29 and so on.  
1.1.2 Polymer Brush-Grafted Nanoparticles 
Apart from small organic groups, polymers are another intriguing type of surface ligand. NPs 
with polymer chains tethered on the surface are often named as polymer brush-grafted NPs. The 
NPs vary from inorganic to metallic ones of all kinds of shapes including sphere, rod, wire or other 
irregular shapes and of different sizes ranging from tens to hundreds of nanometers. In terms of 
polymer, different brush architectures such as homopolymer, copolymer, mixed can be achieved.30 
This versatile class of materials can exhibit desired properties from both sides. Polymer brush- 
grafted NPs are generally fabricated through either “grafting to” or “grafting from” method 
(Scheme 1.4). For “grafting to”, very often,  both or one of the two parties, premade polymer 
chains are functionalized with suitableligands and the polymers are attached to the core NPs via 
reactions. Common examples for “grating to” methods are thiol-end polymers grafting to gold 
nanoparticles31, azide- or thiol-terminated polymers attached to alkene- or alkyne- functionalized 











Scheme 1.4. Representative synthetic routes for polymer brush-grafted nanoparticles through (a) 










NPs.34 Straightforward and controllable as “grafting to” method is, the grafting density of the 
grafted polymers is usually low due to the steric hinderance between the grafted and incoming 
polymer chains. In addition, the longer the polymer chains, the harder for the chain to diffuse to 
the grating site. “Grafting from”, also referred to surface-initiated (SI) polymerization, where the 
polymer brush is grown in-situ from the surface initiator grafted on NPs surface, is an alternative 
method to make polymer brush-grafted NPs with much higher grafting density, as monomer is 
easier to diffuse to the bound-propagating sites than pre-formed polymer chain. Furthermore, the 
adoption of controlled radical polymerization techniques such as nitroxide-mediated radical 
polymerization (NMRP),35 atom transfer radical polymerization (ATRP) and its variations,36-38 
single electron transfer living radical polymerization (SET-LRP),39, 40 and reversible addition-
fragmentation chain transfer (RAFT) polymerization41, 42 in SI-polymerization gives polymer 
brush with well-defined architecture and low polydispersity. Immobilization of initiators can be 
achieved by silane chemistry, coordination or catechol chemistry. In addition to boundinitiators, 
“free” or “sacrificial” initiators are also added to monitor the polymerization progress. It has been 
well-established that the molecular weight and polydispersity of the surface bound polymer 
brushes are essentially identical to the polymer initiated from these “free” initiators.43, 44Our group 
has accumulated extensive research experience in making polymer brush-grafted NPs for 
fundamental research purpose. Silica (SiO2) NPs grafted with thermosensitive polymer brushes 
were synthesized by surface-initiated ATRP (SI-ATRP) and the phase transition behavior of the 
hybrid particles was well studied.44 Later, hybrid micellar network hydrogels composed of 
themosensitive block polymer and polymer brush-grafted SiO2 NPs were made and the effects of 
particle location and phase transition behavior on the gel properties of the hydrogel were 
investigated.45, 46 It was also found that SiO2 NPs grafted with copolymer brushes composed of 
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two immiscible blocks exhibited reversible sol-gel transition in aqueous solution.47 Polymer brush-
grafted NPs also find way in many practical applications. For example, polymer brush-grafted 
SiO2 and TiO2 NPs synthesized either by SI-ATRP or surface-RAFT polymerization showed great 
potential as lubricant additive for wear and friction reduction.48, 49  
 
1.2 Application-Specific Surface-Functionalized Silicon Nanoparticles Applied as Active 
Material in Lithium-Ion Battery 
1.2.1 Introduction to Lithium-Ion Battery 
A battery, consisting of one or more cells that are connected in series and/or in parallel, is a 
device that converts electrochemical energy into electricity and thus is used as a source of power. 
It is with no exaggeration to say that the modern society runs on batteries, especially those 
secondary electrochemical accumulators, which is evidenced by increasing reliance on smart 
phones, mobile personal computers (PCs) and other portable devices as well as rocketing 
expansion of electrical vehicle market. Invention and commercialization of lithium-ion battery 
(LIB) based on carbonaceous materials and transition metal-oxide in early 1990s by Sony signified 
the biggest revolution so far in the development of rechargeable batteries.50 Compared with other 
rechargeable energy storage systems like nickel / cadmium, nickel / metal hydride and lead-acid 
batteries, LIB has the advantages of higher energy density (both gravimetric and volumetric) as 
shown in Figure 1.1, operating voltage (lithium is one of the most electropositive elements, –3.04 
V versus standard hydrogen electrode), longer life span, wider range of operating temperature and 
lighter weight.51 LIB is, fundamentally, based on reversible redox reactions and intercalation- 
deintercalation process of lithium.  A lithium-ion battery is composed of a cell containing one 











Figure 1.1. Volumetric and gravimetric energy densities of different battery technologies. Reprint 










separated by an ionic conductor, which is often an electrolyte solution containing dissolved lithium 
salts. One key to make workable cell is to avoid direct contact between electrodes and 
electrode/electrolyte while at the same time to enable the ion transport between the two electrodes. 
Therefore, the electrolyte is imbibed in a porous separator which act not only as a physical barrier 
but also a membrane for ion transportation. Once the two electrodes are connected externally, 
chemical reactions occur on both ends, liberating electrons and thus providing energy. To be more 
specific, during discharge, Li+ is deintercalated and released from the anode and flow 
spontaneously from negative electrode to positive electrode via electrolyte. At the same time, 
electrons are generated and conducted to the current collector through an internal conductive 
network and then transported to the cathode via the external circuit. Finally, on the cathode end, 
Li+ are intercalated to the host material.51 The charging process will be a reverse of discharging 
process (Scheme 1.5). In terms of electrode materials, cathode materials are typically transitional 
metal oxide and anode materials have evolved from the lithium metal, which is considered not safe 
due to lithium dendrite issue, to carbonaceous materials like graphite, which is used in most of 
today’s commercial LIB. The quantity of electrical energy, which is expressed either gravimetric 
(Whkg-1) or volumetric (WhL-1), that a battery is able to deliver is expressed as the product of the 
voltage (V) and capacity (mAhg-1), which depends on the intrinsic properties of the active 
materials of the cell electrodes.52 The state-of-the-art LIB system based on graphite paired with 
lithium metal oxide such as lithium nickel manganese cobalt oxide (NMC), lithium nickel cobalt 
aluminum oxide (NCA) has a specific energy of between 150 – 250 Whkg-1.53 Driven by increasing 
demand, LIB market is expected to witness the highest growth rate in the next five years with an 
estimated revenue of $ 69 billion by 2022 and is forecasted to take over lead-acid battery to have 




















in improving energy storage capability of LIB falls far behind with the energy density of LIB 
increased by only twofold.52 
1.2.2 Silicon-Based Lithium-Ion Battery 
Apart from difference in packing technology and electrode formula, the energy density of 
LIB is mostly determined by the active materials of both cathode and anode. Regarding the anode 
materials, current commercial LIB anode depends almost solely on graphite (C). During charging, 
each Li+ takes six carbon atoms for full intercalation (Scheme 1.6). Upon full intercalation, 
graphite can provide a specific capacity of around 370 mAh/g, which sets a ceiling for current LIB 
technology. Therefore, there is growing desire to find substituent materials to graphite and to build 
the next-generation high-energy-density LIB. Group IV (silicon, germanium, tin, etc) elements, 
which can form alloy with lithium, has been proposed to be strong candidates to fulfill this goal. 
Among them, silicon (Si), with its more than 10 times higher specific capacity (~ 4200 mAh/g 
when fully alloyed to Li22Si5), low discharge potential plateau (∼0.1 V vs Li+/Li), earth richness, 
and advanced technologies that are already set up in semiconductor industry, stands out to be the 
most promising alternative to graphite.9, 55 The biggest hurdle that prevents the massive 
commercialization of silicon anode is the dramatic capacity fade (~ 90 % capacity loss) within first 
5 electrochemical cycles, which is believed to be highly related to the almost 400 % volume 
expansion/contraction of Si during lithiation/delithiation process.56 To begin with, the alloying of 
Li+ with Si is not isotropic, which will result in two phases, namely, LixSi and Si. Volume 
expansion was found to mainly occur at the phase boundary between these two phases, leading to 
anisotropic swelling and stress magnification and eventually to mechanical fracture and 
pulverization over extended electrochemical cycle. As a result, a considerable amount of active 

























materials instead of bulk silicon because it has been reported that cracking in silicon may propagate 
by dislocation emission from cracking tip and that this propagation may not proceed when the 
crack size is below 150 nm58; however, while nanostructured silicon did a better job alleviating 
the cracking problems, the capacity retention ability of Si-NP still did not improve much, 
indicating there are some other underlying factors determining the capacity stability.59 The 
unstable solid electrolyte interphase (SEI) layer at electrode/electrolyte interface might be one of 
them. The working voltage of LIB is beyond the electrochemical stability of most of the carbonate 
solvents like ethylene carbonate (EC), dimethyl carbonate (DMC) and ethyl methyl carbonate 
(EMC) in the electrolyte. As a result, decomposition of solvent will occur during cell operation at 
electrode/electrolyte interface, along with some other side reactions related to the lithium salts and 
impurities in the electrolyte, the consequence is that Li+ and electrolyte solvents are consumed 
parasitically and that interfacial resistance increases as non-conductive byproducts adds up. The 
huge volume change of Si worsens this process by continuously exposing fresh Si to electrolyte 
and forming new SEI.60 It is therefore of high significance to stabilize electrode/electrolyte 
interface. Some electrolyte additives have been adopted to address this issue. For instance, some 
sacrificial additives like vinylene carbonate (VC) that are electrochemically reduced prior to 
electrolyte carbonate are added to form insoluble solid layer on the electrode surface to prevent 
further decomposition of electrolyte solvent.61 Another type of additives represented by 
fluoroethylene carbonate (FEC) can couple with product of the decomposition and form stable SEI 
on the anode surface.62 Last  but not least, rearrangement of electrode structure might cause 
detachment of active materials from current collector, leading to loss of conductive pathway.63 To 
promote the integrity of electrode structure, new polymer binders were designed. Carboxylaic acid 
(-COOH) or hydroxyl (-OH) functional group containing polymer binders such as carboxymethyl 
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cellulose (CMC)64 and poly(acrylic acid) (PAA)65 binder have been shown to improve capacity 
retention of Si electrode than the conventional binders such as polyvinylidene fluoride (PVDF) 
that works for graphite anode. It is believed that the formation of covalent bond or hydrogen bond 
between these binders and Si NP helps to provide cohesion between SiNPs and the conductive 
additives such as carbon particles, and improve electrical contact between SiNPs and the current 
collector (copper foil),thus facilitating the integrity of the electrode over electrochemical cycles. 
1.2.3 Surface-Functionalized Silicon Nanoparticles as Anode Materials in Lithium-Ion 
Battery 
As have been mentioned in 1.1, when the size of the materials reduces to nanoscale, the surface 
properties dominate bulk, and so as the case with Si NP-based anode. Recently, there is an 
increasing number of studies on direct surface modification of Si NP to promote the capacity 
retention of Si NP in LIB. For instance, Kang, et al modified the surface of SiNPs with amine (-
NH2) groups by silane chemistry and claimed that the surface -NH2 can form ionic bond with PAA 
binder, which promotes the stability of the electrode for better capacity retention.66 Biomimetic 
strategies were also employed. Bie and coworkers modified the surface of SiNPs by forming a thin 
layer of polydopamine via in-situ polymerization of dopamine around particle surface. When the 
modified SiNPs were mixed with PAA binder, the imino groups of surface-polydopamine can 
further react with the carboxyl groups of PAA binder and promote binding properties.67 Apart from 
promoting binding system within electrode, it was also found functional group can affect SEI 
formation. Li’s work presented that different functional groups (silanol, carboxyl group and 
siloxane) on Si NP surface can affect the SEI composition at the electrode interface after extended 
formation, which is also corresponding to the electrochemical performance.68 More recently, 













Scheme 1.7. An overview of possible unfavorable consequences caused by rapid volume change 





VC and FEC by click chemistry and the modification improved the capacity retention of the Si 
NP-based electrode by better surface passivation.69 While existing works on surface 
functionalization of silicon anode materials are still mainly limited to the two aspects, i.e., promote 
better electrode structure and optimize SEI formation, they have demonstrated that particle-level 
functionalization has great potential and feasibility to enhance electrochemical performance of 
SiNP-based LIB.  
 
1.3 Application-Specific Surface-Functionalized TiO2 Nanoparticles Applied as Processable 
High Refractive-Index Materials 
1.3.1 High Refractive Index Polymers  
Refractive index (RI, n) is a parameter describing how light propagates through a certain 
medium, compared with a vacuum, as expressed in Equation 1.1,  
𝑛 =  
𝑐
𝜈
      (Equation 1.1) 
where c is the speed of light in vacuum and ν is the phase velocity of light in that medium. High 
RI materials are of increasing demand in modern optical applications. For example, high RI 
encapsulants for light emitting diode (LED) are in need to reduce the RI contrast at the LED die 
gallium nitride (GaN) (n = 2.5) – air interface to make LEDs brighter and more power-efficient.70, 
71 Also, high RI photodetectors are desirable for image sensors to increase the signal sensitivity.72 
Other applications include antireflective coatings for liquid crystal displays (LCDs),73, 74optical 
data communication and storage, polarizers and so on. While RI values of the materials are the 
primary concerns for these applications, other optical properties should also be considered such as 
absorption coefficient and optical dispersion.75 The latter is a parameter describing the variation 
of n with wavelength. Polymers, with their high processability, lightness and mechanical strength, 
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are considered promising candidate for high RI materials, however, the narrow range of RI 
(between 1.3 -1.7 in UV visible range) limited their use in this field. Lots of effort have been put 
throughout years to break the high RI limit of polymers. According to Lorentz-Lorenz equation 











      (Equation 1.2) 
where n is refractive index, ρ is density, NA is Avogadro’s number, Mw is molecular weight and α 
is polarizability, [R] is the molar refraction([𝑅] =
4π
3
𝑁A𝛼),  and VM is the molar volume of a certain 




     (Equation 1.3) 
Accordingly, n of a substance increases with molar refraction, which is determined by 
polarizability as well as molar density. Table 1.1 shows the molar refractions [R] of common atoms 
and groups. It will be a feasible strategy to introduce high [R] moieties, such as π-conjugated 
groups, organometallic groups, higher halogen and sulfur atoms, etc., into the side chains or 
backbones of polymers to increase the intrinsic n. Halogen-containing (meth)acrylates have been 
reported to be polymerized by free radical polymerization. The n values of the resultant polymers 
are in the range of 1.67 – 1.77, adjustable by varying the type and number of halogen atoms 
introduced.77 Polymer structures including length of linker groups also affect n as well as other 
properties such as glass transition temperature (Tg), which in turn affect processability. Paquet et 
al. prepared high RI polyferrocenes (RI ~ 1.72) with a relatively high Abbe number. Sulfur atom 
is also extensively used as RI enhancer for polymers with its relatively high atomic polarizability, 
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synthesized polyimides featuring phenyl thioethers varying in sulfur contents. The RIs of polymers 
increase with increasing sulfur contents of repeating unit.80 Other reported sulfur rich HRIPs 
including thioether and pyridine-bridged aromatic polyimides,81 sulfone and thioether containing 
polyamides,82  sulfur-containing poly(methyl acrylate),83  etc. Despite these efforts, most of the 
reported high RI polymers still only have a small adjustable RI range (n ~ 1.65 – 1.75), while any 
further efforts to increase the intrinsic RI of polymer will be at the cost of sacrificing other desired 
properties of the materials such as transparency and processability. Therefore, it remains a big 
challenge to develop HRIPs with excellent both optical properties and good processability.  
1.3.2 High Refractive Index Organic-Inorganic Nanocomposites 
Inorganic materials such as TiO2 (anatase n = 2.45, rutile n = 2.71 at 500 nm), zirconium 
dioxide (ZrO2, n = 2.10 at 500 nm), zinc sulfide (ZnS, n = 2.36 at 632.8 nm), lead sulfide (PbS, n 
= 4.33 at 632.8 nm) and Si (n = 3.88 at 632.8 nm) have high refractive indexes. However, they 
usually have poor processability. Marriage of high RI inorganic nanoparticles with polymers opens 
a new avenue for developing processable high RI materials that combine merits from both sides. 
A linear dependency of nanocomposites’ RI on the volume fraction of inorganic and organic 















     (Equation 1.4) 
where nc, np and nm are RIs of the nanocomposites, inorganic nanoparticles and polymer matrix, 
respectively, and φp is volume fraction of the nanoparticles.
84-86 In other words, the RIs of the 
nanocomposites are adjustable by varying n value of each components and their volume ratio. On 
the other hand, the transparency loss of the nanocomposites is mainly caused by light scattering of 




















]}     (Equation 1.5) 
In the equation, transparency loss, as expressed by theratio between the intensities of the 
transmittance light (I) and incident light (I0), depends on both the size and volume fraction (φp) of 
the nanoparticles as well as the mismatch between RI values of NP (np) and polymers (nm).
77 Since 
large RI mismatch between NP and polymer matrix and a relative high loading of NP are 
prerequisites for such nanocomposites, it is crucial to reduce the particle size and prevent 
agglomeration of NP in the polymer matrix. Preparation methods for organic-inorganic 
nanocomposites can be divided into two categories, i.e., in-situ route and ex-situ route. The most 
common in-situ method is sol-gel technique, where functionalized polymers are presented during 
the sol-gel synthesis of NP from the precursors and the inorganic and organic components are 
bonded together by condensation or other reaction between functionalized polymers and the 
precursors. Problems with sol-gel method lies in that a variety of byproducts will be produced 
during reaction, which leads to shrinkage during drying and compromise the mechanical 
properties. Besides, the linkage between the organic and inorganic domains are usually too weak 
to prevent the aggregation of NPs. Furthermore, it is hard to control the final properties of NP in 
the system with in-situ method. Ex-situ methods varying from the simplest blending method to 
polymer brush approach are more frequently used. Papadimitrakopoulos, et al blended colloidal 
suspensions of silicon nanoparticles that are prepared by ball milling followed by sonication and 
centrifugation with poly(ethylene oxide) to fabricate high RI nanocomposites. The highest RI of 
the obtained nanocomposites reached 3.2 at 500 nm.86 However, these silicon nanocomposites 
exhibit increased scattering in the red and the near IR region of the visible spectrum probably due 
to the aggregation of the silicon NPs in the gelation polymer. To achieve better dispersion of NP, 
a polymer brush approach is usually adopted, which is generally carried out by either a “grafting 
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to” or a “grafting from” method. The “grafting to” method is a straightforward and controllable 
route to prepare polymer brush-grafted nanoparticles, where polymers a functional group can be 
attached onto NP surface by click chemistry or coupling reactions like silane chemistry. Tao 
prepared transparent polymer nanocomposites by grafting poly(glycidyl methacrylate) (PGMA) 
chains onto anatase TiO2 nanoparticles via alkyne azide “click” chemistry. The highest RI of the 
nanocomposites reached 1.80 at 500 nm.87 Li et al. grafted a poly(dimethyl siloxance) (PDMS) 
onto the surface of ZrO2 nanoparticles to disperse the nanofillers into the polymer. With RI ranging 
from 1.50 – 1.65 at 500 nm and good optical transparency, the polymer nanocomposites are used 
as LED encapsulants.88 However, the “grafting to” techniques usually cannot achieve high grafting 
density, especially with long polymer chains. This problem can be addressed by “grafting from” 
or surface-initiated polymerization, in which polymer brushes are grown directly from the surface 
of initiator-functionalized nanoparticles as monomer molecules can diffuse to the propagating sites 
on the core surface more easily. Therefore, the “grafting from” technique has the advantage of 
producing a denser polymer layer on the surface of NPs. Besides, the grafting density of the 
polymer brush-grafted NPs is tunable by adjusting the number of surface initiators on particle 
surfaces. Furthermore, desired architectures and chain length of the brush can be obtained with the 
application of SI-LRP. All these advantages make “grafting from” a suitable method to make high 
RI polymer brush-grafted NPs with adjustable RI values and good processability.  
 
1.4 Dissertation Overview 
This dissertation research is devoted to developing specific solutions to address problems in 
practical application of nanoparticles with surface functionalization strategy. In particular, we 
demonstrated that functionalization on particle level can improve the electrochemical performance 
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of silicon anode in lithium-ion battery and that polymer brush-grafted TiO2 nanoparticles are 
promising processable high refractive index (RI) materials with good processability and tunable 
RI value. 
Chapter 2 presents surface functionalization of silicon nanoparticles (SiNPs) with epoxy group 
by surface silanization reaction between surface silanol group and trialkoxysilane-terminated 
functional precursors. Successful surface functionalization was confirmed by Fourier-transform 
infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA) analysis. When the surface-
functionalized SiNPs (SF-SiNPs) are applied as anode in lithium-ion battery, the epoxy group on 
the particle surface can react with PAA binder to promote integrity of electrode structure and can 
stabilize the electrode/electrolyte interface to mitigate parasitic reaction of electrolyte solvents 
with electrode, thus improving the electrochemical performance of the anode. Post-test analysis 
including electrochemical impendence spectroscopy (EIS), scanning electron microscopy (SEM)/ 
energy-dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS) 
analysis confirmed the proposed mechanism behind the performance improvement. 
Chapter 3 demonstrates surface functionalization of SiNPs with a series of specially designed 
functional groups featuring ethylene oxide of different chain lengths that are terminated with an 
epoxy group via formation of covalent Si-C bond by surface hydrosilylation reaction between 
surface Si-H groupsand allyloxy-terminated functional precursors. When applied as active material 
in silicon-graphite composite electrode, SF-SiNPs show enhanced stability in electrode in 
lamination. Furthermore, during cell operation, surface ethylene oxide group facilitates transport 
of Li+, mitigating irreversible capacity loss and increasing capacity retention, while surface epoxy 
group improves binder-particle interaction, promoting efficient utility of the capacity of active 
materials. EIS and SEM/EDX analysis shed lights on the mechanism of performance 
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improvement. Finally, it was found that grafting density of surface functional groups was closely 
related to the electrochemical performance of SiNPs.  
Chapter 4 describes the synthesis of sulfur-containing polymer brush-grafted titanium dioxide 
(TiO2) nanoparticles (hairy TiO2 NPs) towards processable high refractive index (RI) materials. 
Sulfur (S) atom has high molar refraction and good compatibility with polymer. The incorporation 
of S into the side chain of styrenic- and methacrylatetype polymer increases the RIs of the polymers 
by around 0.1. Catechol chemistry is adopted to immobilize ATRP initiator onto the surface of 
TiO2 NPs. Then polymer brushes were grown from the surface of initiator-grafted TiO2 NPs by 
SI-ATRP. The grafting of polymer brushes was confirmed by characterization techniques 
including nuclear magnetic resonance spectroscopy (NMR), TGA, and transmission electron 
microscopy (TEM). The molecular weight and polydispersity of the polymer brushes can be 
estimated from gel permeation chromatography (GPC) analysis of the free polymer initiated from 
“free initiator” present in the SI-ATRP system. The hairy TiO2 NPs can be made into thin films. It 
is expected that the hairy TiO2 NPs can exhibit tunable RI by varying the ratio between polymer 
chains and the inorganic core. 
Chapter 5 provides an effective method to stabilize SiNPs. SI-ATRP and SI-(SET-LRP) is 
employed to functionalize the surface of SiNPs with polymer brushes. The LRP initiators are 
anchored onto the particle surface with two different methods: surface silanization and surface 
hydrosilylation. While surface silanization approach gives hairy SiNPs with higher grafting 
density, the surface hydrosilylation provides us with a non-oxide option to synthesize hairy SiNPs. 
TEM analysis reveals good stability of the hairy SiNPs in common solvents. The hairy SiNPs are 
expected to exhibit better compatibility and processability than bare SiNPs and to be applied in 
many practical fields such as semiconductors, optics and sustainable energy storage. 
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Abstract 
This chapter presents a proof of concept that electrochemical performance of lithium-ion battery 
can be optimized by functionalization of silicon anode on the particle level. An epoxy group was 
successfully attached to the surface of silicon nanoparticles (SiNPs) via a silanization reaction 
between silanol-enriched SiNPs and functional silanes. The epoxy-functionalized SiNPs showed 
much improved cell performance compared with the pristine SiNPs due to the increased stability 
with electrolyte and the formation of a covalent bond between the epoxy group and the polyacrylic 
acid binder. Furthermore, the anode laminate made from epoxy-SiNPs showed much enhanced 
adhesion strength. Post-test analysis shed light on how the epoxy-functional group affects the 














The lithium-ion battery (LIB) has become the most extensively used battery chemistry for 
consumer electronics and transportation.1 Over the past three decades, tremendous efforts have 
been exerted to improve the energy density of LIBs to meet the requirement of emerging new 
devices such as long-lasting tablets, drones and electric vehicles. However, the energy density of 
conventional LIBs, where graphite is used as an anode material is compromised due to its low 
theoretical capacity (372 mAh/g).2 Silicon, with its extremely high theoretical specific capacity 
upon full lithiation (~ 4200 mAh/g), low discharge potential plateau ( ~ 0.1 V vs Li+/Li), natural 
abundance, and low toxicity, has been considered as one of the most promising anode materials 
for the next generation LIBs.3 Nevertheless, the biggest hurdle for the Si anode is the large volume 
expansion/contraction (~300 %) during the lithiation/delithiation process, resulting in rapid 
capacity fade over extended cycles. Several performance decay mechanisms have been proposed, 
including pulverization of large particles during the rapid Li+ insertion/extraction, loss of electrical 
contact caused by the rearrangement of electrode structure, and/or instability of the 
electrode/electrolyte interface.4 To mitigate these issues, nanostructured material like silicon 
nanoparticles (SiNPs) has been investigated.5 Different from the micro-sized particles, the SiNPs 
have much higher surface area, which efficiently releases the stress caused by the drastic volume 
change during the lithiation/delithiation process and thus prevents the particle pulverization. It is 
also believed that SiNPs possess higher average binding energy per atom to the surface.6 However, 
the large volume change still occurs even for the Si nanoparticles, and the repeated 
expansion/contraction leads to the frequent exposure of the lithiated silicon to the electrolyte and 
ultimate disintegration of the active particles due to the weak interaction of the SiNPs with other 
components of the anode. To solve the issue, the majority of the research has been focused on 
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tailoring the structure of the polymer binders to increase the binding strength with the SiNPs. Hu 
and coworkers recently reported the effect of the molecular weight of the polyacrylic acid (PAA) 
binder on the cycling performance of the Si-graphite composite anode.7 Other properties including 
the degree of crosslinking,8, 9 macromolecule architecture,10 lithiation degree,11 and 
electronic/ionic conductivity12-15 of the polymer binder, have also been extensively explored. 
Surface functionality of Si particles, on the other hand, is equally crucial when it comes to 
maintaining the integrity of the electrode during cycling, especially for the nano-scaled Si particles. 
However, the research on this topic is scarce and mainly focused on how the surface SiOx layers16-
19 or the electrolyte additives20, 21 would affect the electrochemical properties of the SiNPs. For 
example, Li and coworkers reported how the silanol, carboxyl, and siloxane groups on the surface 
of the SiNPs affect solid-electrolyte-interphase (SEI) formation and the SEI chemical 
composition.13 The first research on the binder and SiNPs interaction was carried out by Bie et al., 
in which the surface of the SiNPs was modified by a thin layer of polydopamine via hydrogen 
bonding between hydroxyl groups of the polymer and the surface silanol groups. Although the 
amino groups further react with the carboxyl groups of the PAA binder, forming a more integrated 
electrode, the reaction is simultaneous, and the shelf-life of the electrode slurry is not sufficient to 
complete the electrode coating.22 
The best-performing polymer binder for the Si anode usually contains carboxyl groups in the 
structure such as algae, carboxymethyl cellulose (CMC), PAA, and partially lithiated PAA.23-28  It 
is our idea to design and synthesize SiNPs with a layer of reactive epoxy groups attached to the 
particle surface. The self-assembled monolayers (SAM) act as a protective frontier from the 
electrolyte solution mitigating the active lithium trapping during the lithiation process. The 
chemical reaction between the carboxyl groups from the PAA binder and the epoxy groups from 
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the SiNPs forms covalent bonding between the SiNPs and the binder. Furthermore, the epoxy 
group helps provide strong adhesion of the SiNPs and binder to the surface of the copper current 
collector affording an integrated Si electrode with superior electrochemical performance.  
In this chapter a two-step approach was employed to introduce the epoxy group to the surface 
of commercial silicon nanoparticles. The SiNPs were first treated by hydrogen peroxide (H2O2) to 
enrich the surface silanol (Si-OH) group followed by a surface hydrolysis/condensation reaction 
with the epoxy-containing silane precursor. For comparison, methylsilane surface-modified SiNPs 
were also synthesized by the same procedure, and the impact on the cycling performance was 
directly compared in coin cell tests. Post-test analysis included Fourier-transform infrared 
spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis 
(TGA), and scanning electron microscopy/energy-dispersion X-ray spectroscopy (SEM/EDX). 
The results shed light on the source of the improved electrochemical performance of the epoxy-
functionalized SiNPs anode materials.  
 
2.2 Experimental Section 
2.2.1 Electrode and Electrolyte Materials 
Silicon nanoparticles with an average particle size of 80 nm were purchased from Hydro 
Quebec. Absolute ethanol (200 proof), hydrogen peroxide (H2O2, 30 wt% aqueous solution), and 
triethylamine (99.0%) were purchased from Acros and were used as received. Tetrahydrofuran 
(THF, HPLC grade) was purchased from Acros and was dried over 4Å molecular sieves prior to 
use. Glycidylpropyltriethoxysilane (GPTES) and methyltriethoxysilane (MTES) were purchased 
from Gelest, Inc., and were used as received. Conductive carbon (Timcal C45, 50-60 nm) was 
purchased from Timcal. Gen II electrolyte (1.2 M LiPF6 in a liquid mixture of ethylene carbonate 
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and ethyl methyl carbonate in 3:7 by weight) was provided by Tomiyama Pure Chemical 
Industries. Fluoroethylene carbonate (FEC, Solvay) was dried and vacuum distilled before use. 
2.2.2 Synthesis of Surface-Functionalized SiNPs 
Synthesis of Si-OH enriched SiNPs: To a 100 mL round-flask equipped with a magnetic stirring 
bar and N2 inlet, pristine SiNPs (0.998 g) were mixed with absolute ethanol (20 mL). The mixture 
was ultrasonicated for 15 min until a homogeneous dispersion was formed.  Then, H2O2 (30 wt% 
aqueous solution, 40 mL) was added to the flask and the mixture was stirred at 75°C for 48 h under 
N2. The Si-OH SiNPs were isolated by centrifugation (14,000 rpm, 30 min) with a yield of 86.7%.  
Synthesis of epoxy-SiNPs: Si-OH enriched SiNPs (0.500 g) were dispersed in dry tetrahydrofuran 
(10 mL) in a 100 mL flask equipped with a magnetic stirring bar and N2 inlet. After 15 min 
ultrasonication, GPTES (1.000 g) and triethylamine (0.500 g) were added dropwise to the 
dispersion. The reaction mixture was stirred and refluxed at 75°C for 48 h under N2. After 
centrifugation (14,000 rpm, 30 min), the particles were further dispersed in dry tetrahydrofuran for 
a 2nd centrifugation. The final product wasere obtained after vacuum drying at 50°C overnight 
(0.437 g, 87.4% yield). By the same method, methyl functionalized SiNPs (CH3-SiNPs) were 
prepared by reacting Si-OH SiNPs with MTES precursor.  
2.2.3 Characterization of Functionalized SiNPS 
Fourier-transform infrared spectra were acquired on a Thermo Scientific Nicolet iS5 
spectrometer using attenuated total reflection model. Thermogravimetric analysis was conducted 
in an argon atmosphere with a heating rate of 20°C/min from room temperature to 800°C using 
the NETZSCH STA 449 F3 Jupiter for simultaneous thermogravimetry-differential scanning 
calorimetry (STA/TG-DSC). The morphologies of SiNPs were analyzed by an FEI Tecnai F20ST 
scanning/transmission electron microscopy (TEM). The TEM specimens were prepared from 1 
46 
 
mg/g SiNPs suspension in acetone solvent by casting the Si particles on the carbon-coated copper 
TEM grid. 
2.2.4 Si Electrode Fabrication and Electrochemical Testing 
Surface-functionalized SiNPs (70%), Timcal C45 carbon black (10%), and PAA binder (Mn 
=175 KDa) (20%) were thoroughly mixed in deionized water and stirred at room temperature. The 
resulting uniform slurry was then cast onto Cu foil with a 50 μm-gap doctor blade. The dried and 
calendared electrode was punched into 1.6 cm2 circular disks with a loading of 1.0 mg/cm2. 2032 
coin cells were assembled with the SiNPs anode and cycled using a Maccor cycler with a C/3 rate 
and a cutoff voltage of 1.5-0.01 V after three C/20 formation cycles. Electrochemical impedance 
spectroscopy (EIS) was performed with a Solartron Analytical 1400 Cell Test System in the 
frequency range of 1 MHz to 0.1 Hz. 
2.2.5 Adhesion Strength of the Si Electrodes 
An adhesion test of the Si/PAA electrode was performed on an Instron 3343 universal test 
machine. The preparation of the laminate is the same as described in section 2.4. The electrodes 
were cut into squares with fixed dimension (50 mm x 20 mm). The current collector side of the 
electrode was fixed by a clamp while the active coating side of the electrode was taped with Scotch 
magic tape (3M). The electrode was gradually peeled by pulling the tape at an angle of 180° with 
a constant rate of 10 mm/s. The applied force was measured, recorded, and plotted.10, 29, 30  
2.2.6 Post-Test Analysis 
The cycled coin cells were disassembled in the argon-filled glovebox, and the electrodes 
were thoroughly rinsed with anhydrous dimethyl carbonate and dried in a vacuum oven. The 
morphologies and the elemental mapping of the cycled electrodes were examined with SEM 
(Hitachi S-4700-II) and EDX (the Bruker XFlash® 6 | 60), respectively. Surface analysis of the 
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SiNPs was performed by XPS (PHI 5000 VersaProbe II System from Physical Electronics) with a 
base pressure of ~2 × 10-9 torr. The spectra were obtained with an Al Kα radiation (hν = 1486.6 
eV) beam (100 µm, 25 W) and electron beam sample neutralization, in fixed analyzer transmission 
mode. Peak fitting was performed using Shirley background correction and the Gaussian-
Lorentzian curve synthesis available in CasaXPS software. 
 
2.3 Results and Discussion  
2.3.1 Synthesis and Characterization of Functionalized SiNPs  
Commercial SiNPs were first treated by hydrogen peroxide solution to convert Si-H and Si-
O-Si groups to silanol (-Si-OH) group. The Si-OH SiNPs are subject to surface 
hydrolysis/condensation reaction with GPTES (Scheme 2.1). The pristine SiNPs showed a  broad 
peak at 1100 cm-1 (expands from 1000 cm-1 to 1250 cm-1) in the FT-IR spectrum (Figure 2.1a), 
which is a typical stretching vibration peak for the Si-O-Si bond and indicates the existence of a 
native SiOx layer on the pristine SiNPs
19. After the hydrogen peroxide treatment, the increase in 
Si-OH peak intensity (~3300 cm-1) indicates that more silanol group was generated on the surface 
of the pristine SiNPs31 and confirms the successful enrichment of surface silanol group. During 
the synthesis of epoxy-terminated SiNPs, a hydrolysis and condensation reaction formed a new Si-
O-Si bond on the surface of the particle. The FT-IR spectrum of epoxy-SiNPs is also shown in 
Figure 2.1a. The band at 1250-1500 cm-1 originated from the ring expansion or breathing of the 
epoxy ring,32 and typical C-H vibration bands of the alkyl group appear at 2923 cm-1 and 2880 cm-
1. The TGA data further confirmed the successful attachment of the epoxy group. As shown in 
Figure 2.1b, negligible weight loss (0.3%) was observed for the pristine SiNPs. However, this 
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provided in Figure A1 in the Appendix. Methyl-terminated SiNPs (CH3-SiNPs) were also 
synthesized by reacting Si-OH SiNPs with MTES, and the FT-IR and TGA data are provided in 
Figure A2. 
2.3.2 Electrochemical Performance  
To determine the electrochemical performance, Si electrodes were coated with pristine 
SiNPs, CH3-SiNPs, and epoxy-SiNPs as active anode materials. After three C/20 formation cycles, 
the Si/Li cells were operated for 100 cycles at a C/3 rate. Cell capacity and Coulombic efficiency 
for three formation cycles at C/20 rate are shown in Figure 2.2a, and the cycling performance for 
one 100 cycles at the C/3 rate is shown in Figure 2.2b. The pristine SiNPs electrode shows an 
initial delithiation capacity of 1989 mAh/g and an average capacity 1890 mAh/g for 100 cycles. 
Both values for the epoxy-SiNPs electrode are much higher (initial capacity of 2294 mAh/g and 
average capacity of 2169 mAh/g) than those for the pristine anode. Surprisingly, the CH3-SiNPs 
electrode exhibited rapid fade in capacity with increasing cycle number (initial capacity of 1976 
mAh/g and average capacity of 1212 mAh/g) (Figure 2.2b). These data clearly indicate that the 
functional group on the surface of the SiNPs dictates the electrochemical performance of the Si 
electrode. The cell performance agrees well with our initial approach of introducing epoxy group 
on the surface of SiNPs to promote the integration of active particles with the binder, current 
collector, and other cell components. To further verify this positive impact, the chemical reaction 
between the epoxy-SiNPs and PAA binder was examined by mixing the SiNPs and PAA binder 
with the same composition used in the anode slurry and stirring at room temperature overnight. 
The reacted SiNPs were isolated by high-speed centrifugation and subjected to TGA analysis. For 
the CH3-SiNP particles, the TGA profiles are almost identical before and after the reaction with 










Figure 2.2. Initial capacity and Coulombic efficiency of Si/Li cells: (a) three C/20 formation 



















































































































Figure 2.3. TGA profiles of (a) CH3-SiNPs and CH3-SiNPs treated with PAA binder, and (b) 



































































treated epoxy-SiNPs as shown in Figure 2.3b. This indicates that PAA segments were attached to 
the surface of the epoxy-SiNPs particles via the ring-opening addition reaction of the epoxy group 
with the hydroxyl group from the PAA binder.  
The surface functional group on the SiNPs does change the interfacial property of the Si 
electrode. Figure 2.4 show the Nyquist plots for the Si electrode after three formation cycles at 
C/20 and 100 cycles at C/3. The plot for the epoxy-SiNP electrode shows two semicircles in the 
high and medium frequency regions representing the interfacial impedance (Rint) and charge-
transfer impedance (Rct) (Figure 2.4a).
33-36 However, both Rint and Rct were decreased compared 
with the values for pristine SiNPs. It is known that Rint is closely related to the nature of the SEI 
layer. The smaller Rint indicates that the SEI is stable and prevents further chemical and/or 
electrochemical reactions with the electrolyte. The decrease in Rct also proves that surface 
modification could facilitate the charge transfer at the interface. The same trend is also evident for 
the cycled electrodes (Figure 2.4b) with threefold increase for the epoxy-SiNPs compared with the 
pristine SiNPs electrode, indicating that a more robust and less resistive SEI was formed on the 
surface of the epoxy Si particles. Interestingly, the ohmic resistance of the electrode (Re) (intercept 
with the Z’ axis at the high frequency region) remains the same as that for the pristine electrode.  
The formation of the covalent bond of epoxy-SiNPs and PAA binder benefits the electrode 
integrity especially during extended cycling. Figures 2.5a-c are SEM images of the freshly made 
electrode with pristine SiNPs, Si-OH SiNPs and epoxy-SiNPs as active materials. The electrode 
morphology is similar, and active material, carbon black and binder were distributed uniformly. 
The molar ratio of Si, C and O was close to the feeding ratio of the slurry as determined by the 
EDX element mapping (Figure A3). However, after 100 cycles, large cracks appeared in the cycled 











Figure 2.4. Electrochemical impedance spectroscopy of pristine SiNPs electrode and epoxy SiNPs 

























Element Freedom Value Error Error %
Re Fixed(X) 3.963 N/A N/A
CPE1 Fixed(X) 1.0427E-05 N/A N/A
Rint Fixed(X) 7.189 N/A N/A
CPE2 Fixed(X) 0.00051334 N/A N/A
Rct Free(+) 79.62 0.14004 0.17589
W1-R Fixed(X) 164.6 N/A N/A
W1-T Fixed(X) 10.92 N/A N/A
W1-P Fixed(X) 0.42774 N/A N/A
Chi-Squared: 0.00010963
Weighted Sum of Squares: 0.01765
Data File: C:\SAI\MData\JSS\SiH-NREL\original-si-h-1cy.z
Circuit Model File: C:\SAI\MData\JSS\Model\EC1.mdl
Mode: Run Fitting / All Data Points (1 - 81)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
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Figure 2.5. SEM images of the freshly made Si/PAA electrodes with (a) pristine SiNPs, (b) Si-
OH SiNPs, and (c) epoxy-SiNPs and cycled Si/PAA electrodes with (d) pristine SiNPs, (e) Si-OH 











SiNPs anodes (Figures 2.5e-f), suggesting the functional groups help preserve the electrode 
integrity even at the deep cycling stage.  Figure 2.6 shows the surface chemical composition of the 
cycled electrodes: pristine SiNPs, Si-OH SiNPs, and epoxy-SiNPs. For all three electrodes, the 
detectable surface Si amount decreased, indicating the formation of a thick SEI layer. Fluorine and 
phosphate were detected from the surface of all three cycled electrodes due to the decomposition 
of the electrolyte. The surface of the electrode made from epoxy-SiNPs has much less fluorine and 
phosphate content than that of the other two electrodes, as shown in Figure 2.6c. This finding 
suggests that the surface modification of SiNPs mitigated the continuous reduction/decomposition 
of the electrolyte.  It is worth mentioning that the fluorine content on the surface of the electrode 
made from Si-OH SiNPs is much higher than that on the surfaces of the other two electrodes 
(Figure 2.6b). We speculate that the surface silanol group tends to eliminate water via a 
condensation reaction during repeated cycling, leading to severe hydrolysis of the LiPF6 electrolyte 
salt at the electrode surface.13  
The surface of the cycled electrodes was examined by XPS. Figure 2.7a show the Si2p spectra 
of the pristine SiNPs and epoxy-SiNPs electrode before cycling. The peaks related to elemental 
silicon (99.4 eV) and oxidized silicon SiOx (103.5 eV) resemble the spectra of their corresponding 
nanoparticles (Figure A4), indicating that the epoxy-SiNPs nanoparticles remain inert after 
exposure to the aqueous slurry. After one formation cycle, new peaks appeared in both spectra at 
102 eV (Figure 2.7b), a characteristic peak of LixSiOy formed by irreversible reduction of SiOx at 
the electrode surface.37, 38 However, a lower intensity LixSiOy peak was observed for the epoxy-
SiNPs electrode. In addition, the presence of a new peak at a binding energy of 98 eV (LixSi) from 
the pristine SiNPs electrode implies that not all the lithium was extracted from the pristine SiNPs 










Figure 2.6. EDX elemental mapping (Si, C, O, F, P) for Si/PAA electrodes with (a) pristine SiNPs, 









Si 7.89 % C 19.37 % O 51.88 % F 19.30% P 1.57%a
Si 3.16 % C 21.94 % O 21.08 % F 52.13% P 1.69%b










Figure 2.7. Si2p XPS spectra of the Si electrodes based on pristine SiNPs and epoxy-SiNPs before 
and after one formation cycle: (a) fresh Si electrode before cycling and (b) Si electrode after one 
formation cycle at delithiated state. 
 
































group, the pristine SiNPs tends to react with the lithiated silicon causing impedance buildup and 
the polarization of the electrode. In contrast, the epoxy-functionalized SiNPs reduced the parasitic 
reactions with LixSi and enabled the reversible lithium insertion and extraction. As a matter of fact, 
the LixSi peak was not observed on the XPS spectrum of the epoxy-SiNPs electrode at the fully 
delithiation state. Surface modification of silicon nanoparticles could mitigate the irreversible 
reduction of SiOx during lithiation and facilitate the extraction of lithium during delithiation. Since 
both LixSiOy and LixSi species contribute to the irreversible capacity in the first 
lithiation/delithiation cycle, the XPS results are in good agreement with the higher initial capacity 
and Coulombic efficiency of the epoxy-SiNPs electrode.  
The binding strength is critical to the electrochemical performance of the Si-based electrode 
since strong bonding between the active particles and the particle/current collector help maintain 
the electrical contacts and the integrity of the Si anode.39 A peel test was employed to evaluate the 
adhesive strength of the Si/PAA anode. A continuous force was applied to the surface of the 
electrode and when the Si/PAA anode was peeled off of the current collector (copper foil in this 
case), the resulting load/width (N/cm) reflects the adhesive strength of the whole electrode. Figure 
2.8 summarizes the test results. The epoxy-SiNPs showed the strongest adhesion among the tested 
three electrodes, which is attributed to the high reactivity and strong interaction of the epoxy group 
with hydroxyl groups from the PAA binder and the Cu current collector. This result confirms one 
of our initial material design ideas, i.e., introducing an epoxy group onto the surface of nanosilicon 
particles will maintain the electrode integrity and thus exert a positive impact on the 











Figure 2.8. (a) Adhesion strength of the Si anodes with pristine SiNPs, Si-OH SiNPs, epoxy-
































































Surface functionalized SiNPs were designed and synthesized via a silanization reaction between 
functional trialkoxysilane and Si-OH-enriched SiNPs. The epoxy-functionalized SiNPs showed 
much improved performance compared with the pristine and methyl-substituted Si particles due 
to the formation of covalent bonding between the epoxy group and the hydroxyl group from the 
polyacrylic acid binder. Furthermore, the surface functionalization protected the parasitic reactions 
of the LixSi with electrolyte and enabled the reversible insertion and extraction of lithium with 
much improved initial capacity and capacity retention compared with the anode prepared with 
pristine Si particles. Additionally, the enhanced chemical stability of the functionalized silicon 
particles enabled a successful aqueous slurry making/electrode coating process with no observed 
gassing or foaming issues. This research provided insight that the surface functionalization on the 
particle level of the silicon anode is a feasible approach to mitigate the parasitic reactions of the 
pristine Si powder and LixSi with the electrolyte, tailor the formation and chemical composition 
of SEI, and manipulate the interaction of active material with other electrode components to enable 
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Appendix A for Chapter 2. Surface Functionalized Silicon Nanoparticles 




















Figure A1. TEM images of (A) pristine SiNPs, (B) silanol (Si-OH) enriched-SiNPs and (C) epoxy-
SiNPs. The specimens were prepared by casting the particles on the carbon-coated copper grid 


















Figure A2. (a) FT-IR spectra of the pristine SiNPs and CH3-SiNPs; (b) TGA profiles of pristine 
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Figure A3. EDX elemental mapping spectra showing the distribution of silicon, carbon and 
oxygen on the surface of Si/PAA electrodes based on (a) pristine SiNPs, (b) Si-OH SiNPs and (c) 
epoxy-SiNPs before cycling. (The elemental mapping results are shown in the right side; from top 










Figure A4. Si2p XPS spectra of (a) pristine SiNPs, Si-OH-SiNPs, epoxy-SiNPs and CH3-SiNPs, 













Figure A5. C1s XPS spectra of Si electrodes based on (a) pristine SiNPs and (b) epoxy-SiNPs after 
one lithiation/delithiation cycle, (c) O1s XPS and (d) F1s XPS spectra of the pristine and epoxy-






The characteristic peaks of C-C (284eV, from carbon black and PAA binder) were observed on 
C1s core level spectra of the fresh electrodes (data not shown). After one cycle, those peaks were 
no longer detected, indicating the formation of SEI layer on electrode surface. In addition, new 
peaks at 290.5 eV appeared, which corresponds to the carbonate group (CO3
2-) (Figure A5a-b). 
The O1s and F1s XPS spectra of the two electrodes at delithiation state showed high concentration 
of C-O species and less inorganic LiF species in the SEI formed on the surface of the epoxy-SiNPs 
particles (Figure A5c-d). 
 
A.2 X-Ray Photoelectron Spectroscopy: Working principle and application in interfacial 
analysis of LIB electrode 
XPS is a surface characterization technique. It reveals the chemical elements present at the 
surface of the sample and chemical bonding information between these elements. The working 
principle of XPS is based on photoelectric effect, which states that there is a threshold in frequency 
(E = hν), below which light, regardless of its intensity, fails to eject electron from a certain metallic 
surface, where h is Planck constant ( 6.62 x 10-34 J s ) and is frequency (Hz) of the radiation. When 
the frequency of the incident light surpass that threshold value, the photon may interact with atomic 
orbital electron such that there is complete transfer of the photon’s energy to the electron (Figure 
A6). The kinetic energy (Ek) varies linearly with the frequency of the incident photon but is 
independently of its intensity: 𝐸𝐾 = ℎ𝜐 − 𝐸𝑏, where Ek is the electron kinetic energy, hν is the 
photon energy and Eb is the electron binding energy. XPS is surface sensitive because only 
electrons from top atomic layer can be emitted without loss of energy.1 The depth of analysis for 











Figure A6. A schematic view of the interaction of an X-ray photon (E = hν) with an atomic orbital 











X-ray photons.2 The analysis depth of the XPS used in this work (Al Kα radiation (hν = 1486.6 
eV)) is around 3-10 nm. 
Figure A7 shows a typical XPS experiment. An X-ray source provides photons of energy hν 
hit the sample. Electrons are then emitted, of which the kinetic energy is measured by an electron 
analyzer. The result will be output as a spectrum featuring photoelectron intensity as a function of 
the binding energy. Each binding energy peak on the spectrum corresponds to a specific element. 
Thus the elements present on the sample surface can be identified. Furthermore, the chemical bond 
between the elements can be obtained based on chemical shift effect. When an atom is bonded to 
an electronegative species, its electrons will be attracted to that species due to the difference in 
electronegativity. As a result, the 1s electrons of that atom will be bond more strongly to the 
nucleus due to less electrostatic shielding of the nucleus from all other electrons, and thus leads to 
a higher binding energy. Conversely, if the atom is bonded to an electron-donating species, the 
electron density of the atom will increase, resulting in increased shielding for the nuclear and 
therefore decreased 1s electron binding energy. By interpreting different peaks on the spectrum of 
a certain element, the chemical bonding information can be derived.3 
XPS has been used to study the electrode/electrolyte interface of lithium-ion battery (LIB). 
Chan and coworkers utilize XPS to analyze the surface chemistry of solid electrolyte interphase 
(SEI) on the silicon nanowire LIB anodes in traditional electrolyte (1M LiPF6 EC: DEC 
electrolyte). They found out that the formation of SEI on silicon anode surface is a dynamic process 
due to the drastic volume change of silicon anode during cell operation. Reduction products of 
electrolyte solvents including inorganic salt LiCO3, organic hydrocarbon and PEO-oligomers as 
well as decomposition product of lithium salt such as LiF constitutes the major composition of SEI 






















traditional electrolyte (1M LiPF6 EC: DEC electrolyte) during lithiation/delithiation process by 
XPS (Figure A8). In general, silicon anode has a native layer of silicon oxide at the surface. During 
discharge, the formation of SEI due to reduction of electrolyte solvent is observed first at initial 
discharge stage (0.5 V vs Li+/Li) before lithium insertion. Upon further discharge to 0.1 V vs 
Li+/Li, Li insertion begins, the inserted Li reacts with both silica and silicon, resulting in the 
production of Li2O, LixSiOy interfacial phases and Li-Si alloy. After complete discharge (0.01 V 
vs Li+/Li), the alloy process is almost completed with some remaining Si. In addition, silica is 
almost reduced, leading to more Li2O and LixSiOy. Charge process is a partial reversible process 
of discharge. After fully charge (0.9 V vs Li+/Li), lithium is almost fully extracted from the core 
of the particle and Li2O disappears from the interfacial phases.
5 We used XPS to study the 
difference in chemical composition on the surface of silicon anode made from pristine and surface-
functionalized SiNPs.6  
In summary, the formation of SEI and the electrochemical/chemical reactions occurs at 
electrode/electrolyte interface are very complex and are closely related to the electrochemical 
performance of the electrode in LIB. As a powerful surface characterization technique, XPS proves 
to be a useful tool in the analysis of the interfacial phase transition and chemical composition of 

















Figure A8. Schematic view of the interfacial phase transition the surface of the silicon anode 
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Chapter 3. Tailoring the Surface of Silicon Nanoparticles for Enhanced 
















Organic monolayers of epoxy-containing oligo(ethylene oxide)s with different repeating ethylene 
oxide units were grafted to the surface of Si-H terminated silicon nanoparticles (SiNPs) via a Pt-
catalyzed hydrosilylation reaction. When employed as a high-capacity anode, the organic layer 
suppressed the chemical and electrochemical reactivity of the as-grown and lithiated silicon (LixSi) 
particles with high material utilization. A more robust Si/electrolyte interphase was formed with 
the participation of the grafted organic groups with facilitated Li+ transfer and was further enforced 
by electrode integrity via the epoxy/poly(acrylic acid) (PAA) binder reaction. The improved 
cycling performance, post-test analysis, and electrochemical impedance spectroscopy indicate that 
surface functionalization on the Si particle level to tailor the Si/electrolyte interphase is a feasible 














Pursuit of wireless and “green” lifestyle calls for advances in portable electronic devices and 
electric vehicles running on lithium-ion batteries (LIBs). The majority of today’s commercial LIBs 
still employ graphite as the anode material and its low energy capacity (about 372 mAh/g) limits 
the maximum energy density of the cell. Therefore, many efforts have been paid in searching anode 
substituents for the next-generation high-energy high-voltage LIBs. Silicon (Si) is the most 
promising anode among all Li-alloy-based materials due to its high theoretical capacity (~ 4200 
mAh/g for Li4.4Si), abundance in earth crust and low toxicity.
1 As a matter of fact, silicon has 
already been used in commercial LIBs, such as the one in Tesla Model S and was claimed to 
promote the electronic car’s one-charging range by 6 %.2 However, Si undergoes a huge volume 
change and particle pulverization, which leads to rapid rearrangement of electrode structure after 
each cycling and isolate active materials from conductive pathway, both ionically and 
electronically.3, 4 Furthermore, the reductive decomposition of electrolyte and loss of active lithium 
on the surface of Si anode during repeated lithiation and delithiation causes rapid capacity fade of 
the cell. The accumulated SEI layer will also add to the resistance of the electrode.5-7 Another 
challenge is associated with the gas generation observed during the electrode fabrication process 
especially when an aqueous binder solution is used and during the cycling.8 Overall, the above 
issues are closely related to the high surface reactivity of the commercial Si particles and the 
instability of the lithiated silicon (LixSi) with the surrounding environment. Although a variety of 
strategies such as new designs of electrolyte and electrolyte additives,9-11 particle size 
optimization,12  polymeric engineering,13-16 and nanocomposite design17 have been extensively 
employed, the poor stability of the SEI is still the major obstacle for the sustainable electrochemical 
performance. The formation of the traditional SEI during the initial cycles is a complex process 
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and the chemical composition and the structure of the SEI could not be precisely controlled or 
identified. Inspired by the semiconductor industry18, 19, a new strategy was proposed to address the 
SEI stability issue by introducing the organic functional groups onto the surface of the silicon 
particles as an artificial SEI component. Li et al. and Jiang et al. from our group reported how the 
functional groups such as –SiOH, Si(CH2)3COOH, -Si-O-Si and epoxy impact the electrochemical 
performance of Si anode.20, 21 The surface modification utilizes a silanization reaction between the 
silanol groups (-SiOH) around the surface of the native silicon oxide layer of SiNPs and the 
trialkoxysilane RSi(OR’)3. To eliminate the impact of the native SiOx layer and to enhance 
chemical stability of the functionalized SiNPs, functional group directly attached to the surface of 
bulk Si is desired. Gao et al. anchored a hybrid organic group for SEI reinforcement on the surface 
of SiNPs by azide-alkyne click chemistry.22 However, this functionalization process includes 
multiple steps and the nature of click chemistry inevitably introduces undesirable organic moieties 
like azide groups on the surface.  
In this chapter, a straightforward approach was developed by a Pt-catalyzed hydrosilylation 
reaction between the allyl-(ethylene oxide)n-epoxy precursor and the as-prepared silicon hydride 
(*-SiHx, where *Si denotes a surface Si atom) groups on the surface of SiNPs prepared by the 
nonthermal plasma method.23-27 The specially designed artificial SEI is speculated to have the 
following advantages: (1) organic-rich chemical composition with high flexibility to accommodate 
the volume change of Si particle, (2) reinforcement in SEI resilience by formation of new SEI 
component via epoxy reduction reaction,28 (3) enhanced electrode integrity due to the 3-D network 
formation of the epoxy with the polymer binder, and (4) facilitated Li+ transfer at the Si and 
electrolyte interface due to the chelating effect of the oligo(ethylene oxide) moiety.29 Silicon 
composite electrode using surface functionalized SiNPs (SF-SiNPs) as active anode material was 
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evaluated. Compared with the baseline anode, the SF-SiNPs exhibit significantly improved 
electrochemical performance, including first cycle coulombic efficiency (CE), capacity retention 
and low impedance increase. Furthermore, capacity retention ability of the SF-SiNPs was found 
to be closely related to the grafting density of the functional groups. We hypothesize that these 
improved electrochemical properties result from the homogeneity of the electrode structure 
provided by the oligo(ethylene oxide) epoxide surface functionalities and their ability to interact 
and chemically bind to the polymer binder.  
 
3.2 Experimental Section 
3.2.1 Materials 
The Si-H terminated nanoparticles (Si-H NPs) with an average size of 5-20 nm, was 
synthesized by Nathan Neale and his coworkers at National Renewable Energy Laboratory 
(NREL) by plasma synthesis and was stored in glove box in the original container prior to use.23, 
24 Ethylene glycol allyl methyl ether was purchased from Gelest, Inc., and was vacuum distilled 
from CaH2 before use. Epichlorohydrin (99 %) was purchased from Sigma-Aldrich. Poly(acrylic 
acid) (PAA) binder with a claimed weight average molecular weight of 450KDa was purchased 
from Sigma-Aldrich and was dissolved in deionized water with a concentration of 10 wt%. 
Toluene (ACS reagents, ≥ 99.5%) was purchased from Sigma-Aldrich and was dried over 4Å 
molecular sieves prior to use. Graphite flakes (MagE) were obtained from Hitachi. Conductive 
carbon (C45, 50-60 nm) was purchased from Timcal. Gen 2 electrolyte (1.2 M LiPF6 in a liquid 
mixture of ethylene carbonate and ethyl methyl carbonate in 3:7 by weight) was provided by 
Tomiyama Pure Chemical Industries. Fluoroethylene carbonate (FEC, Solvay) was dried and 
vacuum distilled before use.  
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3.2.2 Synthesis of Oligo(ethylene oxide)-Epoxy-Terminated Allyloxy Precursors (Allyl-
(EO)n-Epoxy) 
Oligo(ethylene oxide)-epoxy-terminated allyloxy precursors varying in chain length of 
ethylene oxide unit were synthesized as shown in Scheme 3.1 and were named as Allyl-(EO)n-
Epoxy. Below is a description of synthetic procedure of Allyl-(EO)2-Epoxy.  
Synthesis of 2-(2-Allyloxy-ethoxy) ethanol (Allyl-(EO)2-OH): To a 250mL three-necked round 
bottom flask equipped with a magnetic stir bar, a mixture of diethylene glycol (10.61 g, 0.10 mol) 
and 50% aqueous solution of NaOH (4.00 g, corresponding to 0.05 mol NaOH) was added and 
was stirred at 50 °C for 1 h. Allyl bromide (6.05 g, 0.05 mol) was added dropwise through a 
dropping funnel. The mixture was stirred at 60 °C for 2 h and then at 80 °C for 20 h. The mixture 
was cooled to room temperature, diluted with dichloromethane (30 mL) and poured into a 
separatory funnel. Distilled water (DI H2O, 50 mL) was added to the mixture and the organic layer 
was extracted. The aqueous layer was washed with dichloromethane (30mL, 2 times) and the 
combined organic extraction was dried over anhydrous MgSO4 overnight. The solid was filtered 
and the residue was concentrated by rotorvapor to give the product (5.91g, 0.04 mol, Yield: 80.0 
%). 1H NMR (CDCl3) δ (ppm): 5.81 – 5.93 (m, 1 H, CH2=CH–), 5.12 – 5.27 (m, 2 H, OH 
CH2=CH–), 3.97 – 4.00 (t, 2 H, CH–CH2–O), 3.55 – 3.70 (m, 8 H, (CH2–CH2–O)2), 2.96 (s.1 H, 
–CH2–OH). 
13C NMR (CDCl3) δ (ppm): 134.41 
(CH2CHCH2),117.46(CH2CHCH2),72.55,72.24,70.34,69.41,61.66 (Ethylene Oxide). Using the 
similar method, Allyl-(EO)4-OH was synthesized with reaction between tetraethylene oxide and 
allyl bromide  
Synthesis of 2-[2-(2-allyloxyethoxy)ethoxymethyl]oxirane (Allyl-(EO)2-Epoxy)
30: In a 150mL 
two-necked round bottom flask equipped with a mechanical stirrer, a 50% aqueous NaOH solution 
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(4.80 g, corresponding to 0.06 mol NaOH), tetrabutylammonium hydrogen sulfate (2.04 g, 0.006 
mol), and Allyl-(EO)2-OH (4.42 g, 0.03 mol) were added. The mixed solution was cooled in an 
ice bath and epichlorohydrin (5.66 g, 0.06 mol) was added dropwise within 30 min. The 
temperature of the mixture was then allowed to be raised to the room temperature. After stirring 
for 17 h, the reaction mixture was poured into iced DI H2O and transferred to a separatory funnel. 
The organic layer was collected, and the aqueous layer was extracted with dichloromethane 
(30mL) for 2 times, The combined organic portion was dried with anhydrous MgSO4 overnight.  
The mixture was concentrated by rotorvapor and the residue was distilled from CaH2 and the 
fraction at 120 °C/0.7 Torr was collected (3.34 g, Yield: 55.0 %).  1H NMR (CDCl3) δ (ppm): 5.82 
– 5.96 (m, 1 H, CH2=CH– ), 5.12 – 5.28 (m, 2 H, OH CH2=CH–), 3.98 – 4.01 (m, 2 H, CH–CH2–
O ), 3.74 – 3.79 (dd, O–CHH–Epoxy), 3.56 – 3.71(m, 8 H, (CH2–CH2–O)2), 3.37 – 3.43 (dd, 1 H, 
O–CHH–Epoxy), 3.11 – 3.16 (m, 1 H, CH of Epoxy), 2.75 – 2.78 (dd, 1 H. CHH of Epoxy), 2.57 
– 2.59 (dd, 1 H, CHH of Epoxy). 13C NMR (CDCl3) δ (ppm): 134.73(CH2CHCH2), 
117.11(CH2CHCH2), 72.23, 71.98, 70.74, 70.67, 70.63, 69.41(Ethylene Oxide), 50.82, 44.20 
(Epoxy). Allyl-(EO)1-Epoxy and Allyl-(EO)4-Epoxy were synthesized by a reaction between 
epichlorohydrin and the corresponding Allyl-(EO)n-OH following the similar procedure. 
3.2.3 SiNPs Surface Functionalization by Hydrosilylation 
Hydrosilylation reaction was performed in an argon-purged glove box. Si-H NPs (0.050 g) 
were dispersed in toluene (5 mL) in a 20-mL vial equipped with a rubber septum and a stir bar. 
The resulting mixture was mechanically stirred until a homogeneous dispersion was formed. After 
that, excessive amount of allyl-(EO)n-Epoxy (0.250 g) was added into the dispersion, followed by 
the injection of Karstedt’s catalyst (10 µL) with a microsyringe. The temperature of the reaction 
mixture was raised to 45 °C and kept for 5 h. The resultant SF-SiNPs were isolated by high-speed 
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centrifugation (14,000 rpm, 30 min) and rinsed twice by toluene to remove the trace amount of 
catalyst and unreacted precursors. The obtained surface functionalized SiNPs (SF-SiNPs) were 
then dried in a vial in a high-vacuumed oven at 50 °C overnight. The SF-SiNPs were named as Si-
C3-(EO)n-Epoxy.  
3.2.4 Graphite/Silicon Anode Preparation and Electrochemical Performance Evaluation   
The composite electrode slurry composed of 15 wt% SF-SiNPs, 73 wt% MagE, 10 wt% PAA 
and 2 wt% Timcal C45  was mixed thoroughly and was casted onto a copper current collector. The 
electrode was punched into round disks with a loading of around 1.6 mg/cm2 and evaluated by 
Si/Li 2032 coin cell. The electrode disks were dried at 130 °C under vacuum for 5 h. Celgard 2325 
was used as separator and Gen 2 with 10% FEC was used as electrolyte. The cutoff voltage is 0.01-
1.5 V and the cycling rate is C/3 following three C/20 formation cycles at room temperature.  
3.2.5 Characterization of SF-SiNPs 
Surface analysis of the original Si-H NPs was performed by X-ray photoelectron 
spectroscopy (XPS, PHI 5000 VersaProbe II System from Physical Electronics) with a base 
pressure of ~2 × 10-9 torr. The spectra were obtained with an Al Kα radiation (hν = 1486.6 eV) 
beam (100 µm, 25 W) and electron beam sample neutralization in fixed analyzer transmission 
mode. Peak fitting was performed using Shirley background correction and the Gaussian-
Lorentzian curve synthesis available in CasaXPS software. Fourier-transform infrared (FTIR) 
spectra were acquired on a Thermo Scientific Nicolet iS5 spectrometer using attenuated total 
reflection model placed in an Argon-filled glove box. Thermogravimetric analysis (TGA) was 
conducted at a heating rate of 20°C/min from 30 °C to 800°C with Argon purge using the 
NETZSCH STA 449 F3 Jupiter for simultaneous thermogravimetry-differential scanning 
calorimetry (STA/TG-DSC). The morphology of SiNPs was analyzed with an FEI Tecnai F20ST 
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scanning/transmission electron microscopy ((S)TEM). Dynamic light scattering (DLS) 
measurements of aqueous dispersions of the SiNPs (1mg g-1) were conducted using a Brookhaven 
Instruments Zetaplus S/N 21308 zeta potential analyzer equipped a solid-state laser (λ = 661.0 nm) 
at a scattering angle of 90°. The dispersions were added into curvettes and the curvettes were 
sealed with PE stoppers. The curvette was placed in the cell holder of the light scattering 
instrument.  
Electrochemical impedance spectra of the coin cells after 150th cycle at C/3, respectively, 
were recorded verse an open-circuit voltage in the frequency range between 1MHz to 0.1 Hz on a 
Solartron analytical 1400 CellTest System. The cycled coin cells were disassembled in the argon-
filled glovebox, and the composite electrodes were rinsed thoroughly with anhydrous dimethyl 
carbonate (DMC) and were dried in a vacuum oven. The morphologies and the elemental mapping 
of the cycled electrodes were examined with JEOL JCM-6000Plus scanning electron microscopy 
(SEM) equipped with MP-05030EDK energy-dispersive X-ray spectroscopy (EDX). 
 
3.3 Results and Discussion  
3.3.1 Synthesis and Characterization of SF-SiNPs 
Three functional precursors allyl-(EO)n-Epoxy (n = 1, 2 or 4) were synthesized via the 
reaction between allyloxy ethylene glycol with different number of ethylene oxide units and 
epichlorohydrin (Scheme 3.1a). The structures of the precursors were confirmed by NMR analysis 
(Figure B1- B5). The precursors were than successfully anchored onto the surface of the Si-H 
SiNPs by a Pt-catalyzed hydrosilylation reaction (Scheme 3.1b) in an argon-filled glovebox. To 
maximize the loading of the functional group on the particle surface, excessive stoichiometric feed 
ratios of precursor/Si-H SiNPs wereused and the unreacted precursor was separated from the 
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particles using high-speed centrifugation. The obtained three new SF-SiNPs, i.e. Si-C3-(EO)1-
Epoxy, Si-C3-(EO)2-Epoxy, Si-C3-(EO)4-Epoxy NPs were vacuum dried at elevated temperature 
prior to use. For simplification, the three SF-SiNPs are e named as (EO)1, (EO)2 and (EO)4  NPs in 
the following context. 
Original Si-H NPs are subjected to both FTIR and XPS analysis. The strong and broad peak around 
2100 cm-1 originates from the Si-H stretching vibrations (2087 cm-1 for SiH, 2108 cm-1 for SiH2 
and 2138 cm-1 for SiH3, inset in Figure 3.1a). No obvious peak at 1100 cm
-1 was observed 
indicating the Si-H SiNPs is SiOx free on the surface.26 Si2p XPS analysis (main peak at 99.4 eV) 
is consistent with the IR data26 (Figure 3.1b). After hydrosilylation, new IR peaks show up for the 
SF-SiNPs (Figure 3.2a). Strong vibrational peak of alkyl (C-H bond) at 2880 and 2930 cm-1, ether 
(C-O) bond at around 1050 cm-1, Si-C bond stretching mode at 1040 cm-1 (overlapped with the C-
O bands) and bending mode 850 cm-1, and epoxy ring breath mode at 1250-1500 cm-1 confirm the 
successful attachment of the precursor to the SiNPs.31 Not all the Si-H groups were reacted, which 
might result from the steric hindrance, especially for the long and bulky precursor Allyl-(EO)4-
Epoxy.32 Figure 3.3a and 3.3b show TEM images of (EO)1 NPs and the original Si-H NPs, 
respectively. The average diameter of the Si NP was around 10 nm. The SF-SiNPs distribute 
evenly without significant agglomeration compared with the pristine particles. This phenomenon 
can be further verified by a dispersion experiment illustrated in Figure 3.3c. The SF-SiNPs 
dispersion remain unchanged after 24 h, whereas the pristine particle dispersion was translucent 
initially and precipitated after 24 h. DLS analysis draws the same conclusion and the data are 



















Figure 3.1. (a) FTIR-ATR spectrum of original Si-H NPs (the inset is an enlarged figure of the Si-
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Figure 3.2. (a) FTIR-ATR spectra and (b) TGA curve of the Si-C3-(EO)n-Epoxy NPs. The FTIR 

































































Figure 3.3. TEM images of Si-C3-(EO)1-Epoxy NPs (a1) and Original Si-H NPs (b). a2 is a zoom-
in image of a1. The specimens were prepared from 1 mg g-1 SiNPs aqueous suspensions by casting 
the nanoparticles on the carbon-coated copper TEM grid. (c) are the optical images of aqueous 
dispersions (1 mg g-1) of original Si-H NPs and Si-C3-(EO)1-Epoxy NPs, respectively. Left: 
freshly prepared dispersions which have been sonicated for 10 mins, and Right: the same 





3.3.2 Electrochemical stability at anode/electrolyte interface 
Si/graphite composite electrodes were prepared by using SF-SiNPs, as also the original SiNPs. 
Electrochemical performances of the prepared electrodes were evaluated in coin cells using lithium 
metal as the counter electrode and specific capacities were calculated based on actual loading of 
active materials. The cells were first subjected to three slow-rate cycles with rate of 0.15 mAh/g 
in the potential range of 0.01 – 1.5 V. The voltage profile for the first cycle is shown in Figure 
3.4a; the first-cycle discharge (lithiation) and charge (delithiation) capacities of electrodes 
containing the original Si-H NPs (baseline), (EO)1, (EO)2 and (EO)4 NPs are 1013/695, 1074/834, 
1102/855 and 1172/903 mAh/g, respectively, with the corresponding initial Coulombic 
efficiencies (CE) calculated as 68.6, 77.6, 77.6 and 77.0 %, respectively. Both the initial capacities 
and CEs of the SF-SiNPs electrode show improvement compared with those of the baseline. One 
possible reason is that surface functionalization helps to passivate the highly reactive Si-H surface, 
resulting in less irreversible capacity loss. Study of the differential capacity (dQ/dV) plot (Figure 
3.4b) further confirmed this hypothesis. The baseline electrode has two significant reduction peaks 
at around 1.3 V and 1.2 V, respectively, while each of the SF-SiNPs electrode has only one 
reduction peak near 1.0 V that is also low in intensity. Another noticeable difference is that while 
the typical reduction peak of Gen II electrolyte at 0.8 V, which is due to the decomposition of 
organic solvent,11 is still visible in the dQ/dV plot of baseline electrode, the peak becomes 
negligible for SF-SiNPs. The result suggests that adoption of SF-SiNPs in the electrode helps to 
stabilize electrode/electrolyte interface. The dQ/dV plots of the 2nd and 3rd formation cycles 
(Figure B8) are almost overlapped with each other for SF-SiNPs, indicating good cycling 
reversibility.  






Figure 3.4. Electrochemical evaluation data: 1st formation cycle (a) voltage profiles and (b) 
differential capacity profiles of electrodes based on original Si-H NPs (baseline) and Si-C3-(EO)n-
Epoxy NPs, respectively. The inlet in (b) is a zoom-in of the differential capacity plot in the 
lithiation process. Electrochemical performance of graphite/Si composite electrodes (Li metal as 
counter electrode) over 150 cycles at C/3 rate: (c) specific charge capacity (lithiation: solid sphere; 
delithiation: empty sphere, shown to the left) and the corresponding coulombic efficiency (empty 



































































































































determined by the lithiation capacity of the 3rd formation cycle. As shown in Figure 3.4c, baseline 
electrode has an initial delithiation capacity of 552 mAh/g and then the capacity went through a 
slight drop during the first several cycles before it bounced back. A very similar performance trend 
was found in our previous study on silicon-based anode. The capacity decay during the initial few 
cycles might be attributed to electrolyte wetting process or formation of SEI. Then the capacity 
gradually increased and reached the highest 586 mAh/g at 40th cycle. After that, the capacity 
gradually dropped to 514 mAh/g after 150 cycles. The capacity retention (capacity at 150th 
cycle/initial capacity) of the baseline electrode is 93.5 %. In general, the initial capacity of the 
baseline is lower than the theoretical value of the composite electrode, but it keeps a rather stable 
performance throughout extended cycles. The particle size might play a role in such behavior of 
the composite electrode. Original SiNPs feature a large contact area with the electrolyte due to its 
ultrasmall particle size (diameter ~ 10 nm), which gives rise to more side reactions and the 
consequently higher irreversible capacity loss. However, after a stable SEI layer is formed at the 
particle surface, the large surface area endows the particle with a better ability to alleviate the stress 
brought about by volume change, thus preventing rapid capacity decay. After functionalizing the 
surface with an (ethylene-oxide)-epoxy group, an apparent increase in the initial capacity was 
observed. The initial capacities of the Si-C3-(EO)1-Epoxy electrode is 717 mAh/g, a 36.5 % 
increase compared with that of the baseline. Then the capacity profile of the (EO)1-electrode 
follows similar pattern with the baseline electrode within the first 50 cycles with the highest 
capacities reaching770mAh/g neat 40th cycle. The capacity retention after 150 cycles is 94.1 %. 
(EO)1-electrode also outstands in CE stability with CEs stabilize at 99.7% after initial cycle. In 
contrast, the initial CE of the baseline is below 97 %, and it takes about 100 alloying/dealloying 
cycles before the CE finally stabilizes near 99.7 %.  
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To understand the distinct role of the two functional groups, i.e., ethylene oxide and epoxy 
group in the improvement of electrochemical performance, SF-SiNPs functionalized with only 
ethylene oxide were synthesized using ethylene glycol allyl methyl ether (allyl-(EO)1-OCH3) as 
the precursor (Scheme 3.1b) and the resultant Si-C3-(EO)1-OCH3 NPs have a comparable grafting 
density to that of the Si-C3-(EO)1-Epoxy NPs. The initial capacity of the composite electrode 
based on Si-C3-(EO)1-OCH3 is in between those of the baseline and the Si-C3-(EO)1-Epoxy 
electrode. Interestingly, the capacity after 150th cycle is higher than the initial capacity, resulting 
in a capacity retention of more than 100 % (Figure B10). This comparison study gives us a clearer 
picture of the different roles of the two functional groups in the improvement of capacity and 
capacity retention. It is likely that surface ethylene oxide group helps to maintain capacity retention 
with its ability to facilitate lithium ion transfer while the epoxy group improves efficient utility of 
the capacity of active material by promoting electrode structure integrity with stronger binder-
active material interaction and mitigating parasitic reactions at electrode/electrolyte interface.20 
Interestingly, the improvement in capacity retention did not increase linearly with the number of 
surface ethylene oxide unit. Despite that (EO)4 electrode has the highest grafting density of 
ethylene oxide units on the surface, (EO)2 electrode has the highest capacity retention among the 
three dual-functional SiNPs electrodes.  
EIS studies were performed on SF-SiNPs after 150 electrochemical cycles at C/3. The 
Nyquist plots (Figure 3.4d) of both the baseline and SF-SiNPs electrodes showed a depressed 
semicircle in the high-frequency range, which is in accordance with charge-transfer resistance at 
the electrode/electrolyte interface and a sloped line in the high-frequency range, which represents 
diffusion-controlled Warburg impedance. For a quantitative comparison, the experimental EIS 
data were fitted using the equivalent circuit shown at the right top of the EIS spectra, where Re is 
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the omhic resistance of the electrode and electrolyte, Rct is the charge-transfer resistance at 
electrode/electrolyte interface, CPE1 is the double-layer capacitance and W1 is the Warburg 
impedance.29 Surface functionalization improves the Rct as the charge-transfer resistances of both 
Si-C3-(EO)1-OCH3 and Si-C3-(EO)n-Epoxy are smaller than that of the baseline. The 
improvement is more significant for the Si-C3-(EO)n-Epoxy with Si-C3-(EO)2-Epoxy electrode 
having the lowest Rct, which is only 1/10 that of the baseline. The non-linear dependence of Rct on 
the number of ethylene oxide unit on the particle surface is in accordance with the trend of capacity 
retention. It is believed that both ionic and electronic resistance influence the behavior of Rct as 
charge transfer reaction is required to bring Li+ and electron to the interface reaction sites.34 
Though (EO)4 electrode has the theoretically highest Li
+ conductivity with its highest surface 
ethylene oxide density, (EO)2 electrode has a denser epoxy group coverage, which helps to 
maintain the Si electrode structure after extended cycles and thus contributes to building good 
electronic networks between Si particles and preventing the portions of Si particles from being 
isolated from electrical pathway. Table 3.1 summarizes the general characterization data of the 
silicon-graphite composite electrodes based on pristine and surface-functionalized SiNPs. 
3.3.3 Impact of Grating Density 
It is manifested that surface functionalization could stabilize the interface. Next question is 
how the grafting density (GD) of the functional groups on the surface of SiNPs will impact the 
electrochemical performance. The following equation was used to calculate the grafting density 













     (Equation 3.1) 
where wtFG% is the weight percentage of the functional group and wtNP% is the weight percentage 
of the SiNPs. Both values were obtained from the TGA thermograms of the SF-SiNPs shown in 
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Figure 1d.  ρNP and rNP are the density and the radius of the SiNPs, Mw is the molecular weight of 
the functional group and NA is the Avogadro's number (6.02 x 10
23). The grafting densities of the 
SF-SiNPs were summarized in Table 1. The maximized grafting density of different groups are 
differnet depending on its molecular structure. The allyl-(EO)4-Epoxy has the longest chain 
length, but the grafting density is the lowest, 3.6 chain/nm2. This is probably due to the steric 
hindrance of the longer chain preventing the hydrosilylation reaction. Despite its low GD, the cell 
performance is the best among all the materials. It is speculated that the five oxygen atoms in the 
functional group has an optimal chelating geometry, which is feasible for Li+ solvation with 
facilitated transfer at the anode/electrolyte interphase. For the shorter functional group, it has the 
highest GD of 5.1 due to the small size of the precursor. By lowering the feed ratio of allyl-(EO)2-
Expoxy to Si-H SiNPs, a lower GD SiNPs sample (GD=2.2) was prepared and its performance 
was compared with the higher one. Figure 3.5 shows the capacity retention and the Coulombic 
efficiency of these two samples. Overall, both electrodes showed higher initial capacities and 
Coulombic efficiencies than the pristine anode. This improvement clearly indicated that the more 
surface coverage of the SiNPs, the less surface reactivity, with improved affinity with the binder 
and electrode integrity.  
 
3.4 Morphological Characterization 
Surface functionalization could promote the particle distribution in pure Si electrode and the 
Si/graphite composite electrode. Figure 3.6 is the SEM/EDX spectra of the Si/graphite composite 
anode before and after cycling. SF-SiNPs tend to be well distributed within the matrix of the 
graphite active material (Figure 3.6b and Figure B12a-b), whereas the  the pristine SiNPs caused 









Table 3.1. Grafting densities, loading densities, initial capacities and Coulombic efficiencies, 
capacity retentions and charge-transfer resistances (Rct) measured after 150 electrochemical cycles 





















Si-H N/A 1.6 552 96.8 93.5 170.6 ± 11.6 
(EO)1-OCH3
d 4.4 1.6 572 98.2 101.9 135.3 ± 3.4 
(EO)1-Epoxy
e 5.1 1.6 717 98.4 94.1 50.8 ± 0.8 
(EO)2-Epoxy
e  4.2 1.6 803 98.2 97.9 12.2 ± 0.6 
(EO)4-Epoxy
e  3.6 1.6 828 98.6 94.3 39.9 ± 0.6 
a specific delithiation capacity and Coulombic efficiency after first C/3 cycle,b capacity at 150th 
cycles/initial capacity, cRct after 150 cycles, 














Figure 3.5. Electrochemical performance of Si-C3-(EO)1-Epoxy with different grafting density 
over 150 C/3 cycles: (a) specific capacity (lithiation: solid sphere; delithiation: empty sphere) and 







































































Figure 3.6. EDX elemental mapping of pristine electrodes (C, Si and O) (a: baseline, and b: Si-
C3-(EO)2-Epoxy) and the cycled electrodes (C, Si, O, F and P) (c: baseline, d: Si-C3-(EO)2-Epoxy) 
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utilization of the Si material in the composite anode reflected by the higher initial capacity of 
SF-SiNPs. Interestingly, the same morphology was retained even after 150 cycles as observed in 
Figure 3.6c and 3.6d. Furthermore,  the pristine SiNPs showed much more F-rich decomposition 
products on the surface of the electrode, compared with the SF-SiNPs anode, inidicating that the 
surface functionalization could mitigate the parasitic reactions with electrolyte during repeated 
cycling. This result is also consistent with the resutls of the electrochemical analysis.  
 
3.4 Conclusion 
In summary, surface functionalization is demonstrated to be a sufficient way to stabilize the 
surface of the high capacity silicon anode. A Pt-catalyzed hydrosilylation reaction was performed 
on the Si-H terminated SiNPs forming a Si-C covalent bond between the particle and the functional 
group. Physical, electrochemical and post-test analysis indicated that the SF-SiNPs are chemically 
stabilized when in contact withair and water during the slurry making and electrode coating 
process. It also prevents the agglomeration of the nano-sized silicon particles and thus improves 
the utilization of the active silicon material in the composite anode.  Anode electrodes based on 
SF-SiNPs showed much improved cycling performance compared with the baseline. To be more 
specific, ethylene oxide group helps to improve cycling stability probably by facilitating lithium 
ion transport within the electrode while epoxy group triggers more efficient utility of electrode’s 
capacity by promoting homogeneity of the electrode. Additionally, it has also been demonstrated 
that higher functionality coverage leads to better cell performance. Future research will be focused 
on the indentification of the optimal surface groups. Under this platform, functional groups can be 
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Appendix B for Chapter 3. Tailoring the Surface of Nano Silicon 
Nanoparticles Anode for Enhanced Chemical and Electrochemical Stabilities 










B.1 Calculation of Grafting Denisty of SF-SiNPs 
The Si-C3-(EO)1-Epoxy with a weight retention of 73.8 % when heating to 800  ℃  was using as 
an example here. The weight retention of the original Si-H NPs at 800 ℃  is 99.6 %. Assuming the 
original SiNPs did not have any weight loss after heating, then the weight retention of Si-C3-
(EO)1-Epoxy was adjusted to 74.1 %. Therefore, the ratio of the silicon residue to the volatile 
portion at 800 ℃ was calculated to be 100:34.9. The molecular weight of the (CH2)3-O-(CH2-CH2-
O)1-Epoxy chains is 159 g/mol. Assuming the SiNPs are with an average diameter of 10 nm and 
using the density of silicon, which is 2.33 g/cm3, the mass of a single silicon NP is 1.22 × 10-18 g. 
The mass of the functional group on one single silicon NP is then calculated to be 4.26 × 10-19 g.  
Therefore the number of funtional group grafted on one silicon NP is 4.26 × 10-19 g/159 g/mol × 
6.022 × 1023 = 1613 chains. Therefore,Hence, the functionality density on SiNPs is 1613 chains/ 
(π×10^2) = 5.1 chains/nm2. The calculation of functionality density is based on the assumption 














































































































































































































Figure B6. DLS analysis results of (a) Si-H NPs and (b) Si-C3-(EO)1-Epoxy NPs. The 
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Figure B7. (a) FTIR-ATR spectra and (b) TGA curves of the Si-C3-(EO)1-Epoxy NPs obtained 
by surface hydrosilylation conducted in air (red curves) and in the argon-filled glovebox (blue 


















































































Figure B8. DQ/DV plots of the 2nd and 3rd C/20 formation cycle: (a) Si-C3-(EO)1-Epoxy, (b) Si-
C3-(EO)2-Epoxy and (c) Si-C3-(EO)4-Epoxy. 
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Figure B10. Comparison study of electrochemical performance of graphite/Si composite 
electrodes based on Si-C3-(EO)1-Epoxy and Si-C3-(EO)1-OCH3 (Li metal as counter electrode) 
over 150 cycles at C/3 rate: (a) specific charge capacity (lithiation: solid sphere; delithiation: empty 









































































Figure B11. SEM images of the pristine electrodes (a: baseline, b: Si-C3-(EO)1-Epoxy, c: Si-C3-
(EO)2-Epoxy and d: Si-C3-(EO)4-Epoxy) and the cycled electrodes (e: baseline, f: Si-C3-(EO)1-












Figure B12. EDX elemental mapping of pristine electrodes (C, Si and O) (a: Si-C3-(EO)1-Epoxy, 













Chapter 4. Sulfur-Containing Polymer Brush-Grafted Titanium Dioxide 















This chapter presents a potential approach towards processable high refractive index (RI, n) 
materials. Polymers have advantages over other high-RI materials as they are light in weight and 
easy to process. However, the narrow RI range (1.3 – 1.7) of polymers limited their application in 
high RI industry. Two extensively used strategies to increase RI of polymers are (1) to increase 
intrinsic n by incorporating high molar refraction atoms or groups into the backbone or side chain 
of polymers and (2) to fabricate high RI nanocomposites by introducing high RI inorganic 
nanoparticles into polymer matrix. This work presents a combination of the two methods towards 
processable high RI materials. With high molar refraction and good compatibility with polymers, 
sulfur atom is incorporated into the side chain of styrenic and methacrylate-type polymers. The 
sulfur-containing polymers have higher refractive index than their sulfur-free counterparts.  Then 
sulfur-containing polymer brush-grafted TiO2 nanoparticles (Hairy NPs) were synthesized by 
surface-initiated atom transfer radical polymerization (SI-ATRP). The hairy NPs can form 
homogeneous dispersion in common organic solvents and can be processed into thin films. It is 
expected that the hairy NPs can exhibit tunable RI values by varying the ratio between the grafted 











Refractive index (RI, n) is a parameter describing how light propagates through a medium, 
compared with its travel in vacuum and is calculated as the quotient of light speed in vacuum and 
the phase velocity of light in a certain medium.1 Processable materials with high refractive index 
are required for many applications in optical industry, including anti-reflective coating and 
photonic devices such as image sensors2 and light-emitting diodes (LEDs).3, 4 High RI polymers 
(HRIPs) are good candidates for these applications in that they are light in weight and are easy to 
process.5 Furthermore, most of the polymers have high mechanical strength. What limits the use 
of polymers in high RI industry is their narrow range of RIs, which is between 1.3-1.7 in UV-
visible region. Great efforts have been made to increase intrinsic RIs of polymers. Lorentz-Lorenz 
equation qualitatively describes the correlation between RI and polarizability of a substance2, as is 








𝛼     (Equation 4.1) 
where n is refractive index, ρ is density, NA is Avogadro’s number, Mw is molecular weight and α 










     (Equation 4.2) 
Then, the relation between RI and molecular property of the substance can be deduced by solving 
Equation 4.2 for n, yielding Equation 4.3, which indicates that n increases with increasing [R] 




     (Equation 4.3) 
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Based on Lorentz-Lorenz equation, one feasible way to increase the RI value of a polymer is to 
introduce substituents with high [R] and low VM (high density). Sulfur atom, with its relatively 
high atomic polarizability, good chemical stability and adaptability to be incorporated into 
polymers, has been extensively used as RI enhancer in developing intrinsic high RI polymers.6 
Ueda and coworkers conducted a series of researches on sulfur-rich polyimides.7-12 They 
synthesized polyimides featuring phenyl thioether groups varying in sulfur content and confirmed 
that RIs of polymers increased with increasing sulfur content of repeating unit.7  They also 
incorporated sulfone and other sulfur-containinggroups into the backbone of the polymer to 
increase RI.8, 11 Other sulfur-rich HRIPs, including thioether and pyridine-bridged aromatic 
polyimides,12  sulfone and thioether containing polyamides,13 are also reported. Nevertheless, the 
intrinsic RIs of most of HRIPs are still in the range of 1.65-1.75 while any further efforts to increase 
the intrinsic RI of polymer will be at the cost of sacrificing other desired properties of the materials 
such as transparency and processability. Inorganic materials such as TiO2 (anatase, n = 2.45, rutile,  
n = 2.71 at 500 nm)14, ZrO2 (n = 2.10 at 500 nm)
15, ZnS (n = 2.36 at 620 nm)16, silicon (n = 4.3 at 
500 nm)17 usually have RIs (in the range of 2.0-5.0 in UV-visible region). However, they are 
usually rigid, fragile and have poor processability. The introduction of high RI inorganic 
nanoparticles into organic polymers to form nanocomposites stands out to be an alternative 
strategy to produce processable high RI materials by combining the advantages from both sides.18, 
19 The nanocomposites are generally fabricated either by physically blending nanoparticles into 
the polymer matrix or chemically tethering the polymer chains onto the nanoparticles (“grafting 
to” method), whereas the latter method produces a more homogenous system due to the stronger 
interaction between the two components. Tao et al. prepared transparent polymer nanocomposites 
by grafting poly(glycidyl methacrylate) (PGMA) chains onto anatase TiO2 nanoparticles via 
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alkyne-azide “click” chemistry. The highest RI of the nanocomposites reached 1.80 at 500 nm.20 
Xu and coworkers synthesized ZnS-polymer nanocomposites with the highest RI reaching 1.82 by 
copolymerization of different acrylic monomers in the presence of polymerizable-group-
functionalized ZnS nanoparticles.16 It has been found that there is a linear dependency of 
nanocomposite’s RI on the volume fraction of inorganic and organic components. The RIs of the 















     (Equation 4.4) 
where nc, np and nm are RIs of the nanocomposites, inorganic nanoparticles and polymer matrix, 
respectively and φp is the volume fraction of the nanoparticles.
21 Tunable RIs can be achieved by 
adjusting the volume ratio between inorganic nanoparticles and polymer matrix. 
In this work, we proposed a strategy towards processable high RI material by combining 
high RI sulfur-containing polymers with inorganic titanium dioxide (TiO2) nanoparticles. 
Traditional sulfur-containing HRIPs are usually synthesized by Michael polyaddition or 
polycondensation reactions, where the molecular weight and polydispersity are not controllable. 
Herein, sulfur-containing styrenic and methacrylate-type monomers were designed, synthesized 
and polymerized by atom transfer radical polymerization (ATRP). The RI of the sulfur-containing 
styrenic polymer is around 1.68 while the RI of the methacrylate polymer is around 1.60, higher 
than the corresponding polystyrene (n =1.59) and poly(methyl methacrylate) (n = 1.49), 
respectively. A “grafting from” method, where polymer brushes were grown from the surface of 
initiator-functionalized nanoparticles through surface-initiated ATRP (SI-ATRP), was employed 
to fabricate the sulfur-containing polymer brush-grafted TiO2 NPs (hairy TiO2 NPs). Compared 
with “grafting to” method, where polymers are made in advance, “grafting from” method has the 
advantage of making hairy NPs with higher grafting density as monomer molecules can diffuse 
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more easily to the propagating sites. Furthermore, the ratio between the inorganic nanoparticles 
and the grafted polymer chains can be adjusted by controlling the monomer conversion during 
polymerization to achieve tunable RI value. Nuclear magnetic resonance (NMR) spectroscopy, 
thermogravimetric analysis (TGA) and transition electron microscopy (TEM) were employed to 
characterize the hairy TiO2 NPs. The hairy NPs show good dispersity in common organic solvents 
and have good film formation ability, exhibiting high potential to be used as processable high RI 
materials.  
 
4.2 Experimental Section 
4.2.1 Materials 
15 wt % aqueous dispersion of anatase titanium dioxide (TiO2) nanoparticles with a vendor-
claimed diameter between 5-15 nmwas purchased from US Research Nanomaterials, Inc. CuBr 
(98%, Aldrich) was stirred in glacial acetic acid overnight, filtered, and washed with absolute 
ethanol and diethyl ether. The purified CuBr was dried under vacuum. Ethyl 2-bromoisobutyrate 
(EBiB, 98%, Aldrich) was dried with CaH2 and distilled under reduced pressure. Hexamethylated 
tris(2-aminoethyl)amine (Me6-TREN) was synthesized as described in the literature.
22 Dry 
tetrahydrofuran (THF) was obtained by adding sodium and benzophenone to THF and heating 
solvent at reflux under N2 flow for several hours until it turns deep blue in color. All other chemical 
reagents were purchased from either Sigma Aldrich or Fisher/Acros and used without further 
purification. 
4.2.2 General Characterization.  
1H NMR spectra were recorded on a Varian Mercury 500 NMR spectrometer. Size exclusion 
chromatography (SEC) of the sulfur-containing polymers and free polymers formed in the 
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synthesis of hairy NPs was carried out at ambient temperature using PL-GPC 20 (an integrated 
SEC system from Polymer Laboratories, Inc.) with a refractive index detector, one PLgel 5 μm 
guard column (50 × 7.5 mm), and two PLgel 5 μm mixed-C columns (each 300 × 7.5 mm, linear 
range of molecular weight from 200 to 2 000 000 Da). THF was used as the solvent, and the flow 
rate was 1.0 mL/min. Narrow-disperse polystyrene standards were used to calibrate the system. 
The data were processed using Cirrus GPC/SEC software (Polymer Laboratories, Inc.). 
Thermogravimetric analysis (TGA) was performed at a heating rate of 20 °C/min from room 
temperature to 800 °C using using the NETZSCH STA 449 F3 Jupiter for simultaneous 
thermogravimetry-differential scanning calorimetry (STA/TG-DSC). The polymers and 
nanoparticles were dried at 45 °C in vacuum for > 5 h prior to analysis. Transmission electron 
microscopy (TEM) was performed on a FEI Tecnai F20ST scanning/transmission electron 
microscopy ((S)TEM.  Samples of hairy NPs were drop-cast from dispersions in tetrahydrofuran 
(THF)) with a concentration of ~1 mg/mL onto a carbon-coated, copper TEM grid using a glass 
pipette and the solvent was evaporate at ambient conditions. Dynamic light scattering (DLS) 
measurements of dispersions of the initiator-functionalized TiO2 NPs in N,N-dimethylformamide 
(DMF) (1mg/g) were conducted using a Brookhaven Instruments BI-200SM goniometer equipped 
with a PCI BI-9000AT digital correlator and a solid-state laser (model 25-LHP-928-249, λ = 633 
nm) at a scattering angle of 90°. The dispersions were added into borosilicate glass cuvettes and 
the cuvettes were sealed with PE stoppers. The cuvette was placed in the holder of the light 
scattering instrument. The refractive indices of sulfur-containing polymers were measured on a 
Gaertner Scientific Corporation 18910AK laser ellipsometer (λ = 623.8 nm, incidental angle = 
60°). For each sample, the thicknesses and RI values of 10 random spots on the thin film were 
measured. The samples were made by spinning coating 1 wt % of polymer chloroform solutions 
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on silicon wafers at a spin coating rate of 11,000 rpm for 60 s using a Specialty Coating System, 
INC P-600 spin coater.  
4.2.3 Synthesis of Sulfur-Containing Polymers 
4.2.3.1 Synthesis of Sulfur-Containing Styrenic Monomer  
Synthesis of (phenyl(4-vinylbenzyl)sulfane) (S1S)To a solution of NaH (1.440 g, 60% in oil, 0.036 
mol) in  THF (20 mL), benzenethiol (3.250 g, 0.029 mol) was added dropwise by a disposable 
syringe. The resulting white mixture was stirred under room temperature for 30 min. 
Vinylbenzenzyl chloride (VBC, 5.069 g, 90%, 0.033 mol) in THF (25 mL) was then added 
dropwise to the reaction mixture. The color of the resulting mixture immediately turned from white 
to orange after VBC was added. The reaction mixture was then stirred overnight under room 
temperature. Thin-layer chromatography (TLC) and 1H NMR spectroscopy were employed to 
monitor the reaction. Upon completion, the reaction mixture was filtered and THF was removed 
on  a rotary evaporator. Distilled water (DI H2O) (20 mL) was added into the reaction mixture and 
the mixture was poured into a separatory funnel and was extracted with CH2Cl2 (20 mL). The 
extraction was repeated for 3 times. The combined organic fractions were washed two times with 
DI H2O (30 mL) and were dried with anhydrous Na2SO4 overnight. The solvents were removed 
on a rotary evaporator, and column chromatography (1:1 CH2Cl2/hexane) was employed for 
purification. 5.080 g pure product as white powder was obtained after purification (76.0 % yield). 
1H NMR (CDCl3) δ (ppm): 7.31 – 7.36 (m, 4H, aromatic),7.24 – 7.29 (m, 4H, aromatic), 7.17 – 
7.22 (m, 1H, aromatic), 6.70 (dd, 1H, CH2=CH– ), 5.74 (dd, 1H, CHH=CH–), 5.24 (dd, 1H, 
CHH=CH–), 4.12 (S, 2H, (CH)2C–CH2). 
13C NMR (CDCl3) δ (ppm):137.09, 136.53, 136.43 
(aromatic), 136.26 (CH2CHCH), 129.92, 128.99, 126.35 (aromatic), 113.75 (CH2CH), 38.87 
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(CHCS). HRMS (DART-TOF): m/z calc. 226.08; [M+]: 226.08; found 226.08073; mass error: 3.94 
ppm. 
4.2.3.2 Synthesis of Sulfur-Containing Methacrylate Monomer  
Synthesis of (S-phenyl 2-methylprop-2-enethioate) (M1S) To a solution of benzenethiol (1.109 g, 
0.010 mol) in dry THF (40 mL), triethylamine (1.248 g, 0.012 mol) was add under nitrogen. Then, 
the solution was cooled at 0 °C, and a solution of methacryloyl chloride (1.113 g, 0.011 mol) in 
dry THF (20 mL) was added dropwise. After the solution was stirred for 23 h at room temperature, 
1 M HCl aqueous solution (5 mL) was added into the reactor to quench the reaction. THF was 
removed on the rotary evaporator and the mixture was then diluted with DI H2O (50 mL) and was 
extracted three times with CH2Cl2 (30 mL per portion). The organic phase was dried over 
anhydrous Na2SO4, filtered, and concentrated. The crude product was purified by vacuum 
distillation with hydroquinone as inhibitor to yield a colorless and transparent liquid with a yield 
of 10.9%..1H NMR (CDCl3) δ (ppm): 7.40 – 7.47 (m, 5H, aromatic), 6.22 (dd, 1H, CHH=C), 5.70 
(dd, 1H, CHH=C), 2.02 (dd, 3H, CH3–C). 
13C NMR (CDCl3) δ (ppm):191.46 (C=O), 143.57 
(C=CH2), 134.89 (aromatic), 129.13 (C=CH2), 127.65, 123.79 (aromatic), 18.36 (CCH3). 
4.2.4 Synthesis of sulfur-containing polymer by supplemental activator and reducing agent 
atom transfer radical polymerization (SARA-ATRP) 
4.2.4.1 Synthesis of Sulfur-Containing Styrenic Polymer PS1S 
 S1S (2.011 g, 8.885 mmol) was dissolved in anisole (3.133 g) and the resulting mixture was 
sonicated for 10 min until a homogeneous solution was made. Then initiator EBiB stock solution 
in anisole (0.067 g, 82.38 mg/g, 0.028 mmol), CuBr powder (3.0 mg, 0.021 mmol), Cu(0) powder 
(4.0 mg, 0.019 mmol), Me6-TREN (8.294 mg, 0.036 mmol ) and 
1H NMR inner standard trioxane 
(20.3 mg, 0.225 mmol) were added into the resulting mixture. After degassed by three 
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freeze−pump−thaw cycles, the flask was placed in an oil bath with a preset temperature of 105 °C. 
1H NMR spectroscopy was employed to monitor the progress of polymerization. After 22 h, the 
flask was removed from the oil bath and opened to air. The reaction mixture was diluted with THF 
and was passed through a short column of silica gel (bottom)/activated basic aluminum oxide 
(Al2O3) (top) (2/1, v/v). The polymer was then precipitated by adding the reaction mixture 
dropwise in 100 mL methanol. This process was repeated for another two times. Degree of 
polymerization (DP) was 83, calculated from the 1H NMR spectrum of the sample taken from the 
reaction mixture at the beginning and at the end of the polymerization using the integrals of the 
peaks at 5.24 ppm (CHH=CH– from S1S) and 5.18 – 5.19 ppm (-O-CH2 from trioxane) and the 
feed ratio between the monomer and initiator. Mn,SEC of the polymer was 20.4 KDa with a PDI of 
1.24. This batch of polymer was designated as PS1S-20.4k. Using similar method, PS1S-9.0k and 
PS1S-31.8k were also synthesized. 
4.2.4.2 Synthesis of Sulfur-Containing Methacryoyl Polymer PM1S 
To a two-necked 25 mL round-bottom flask equipped with a stir bar, M1S ( 1.785 g,  10.014 
mmol), initiator EBiB stock solution in anisole ( 0.128 g, 82.38 mg/g , 0.054 mmol), CuBr powder 
( 4.0 mg, 0.028 mmol), Cu(0) powder (2.0 mg, 0.031 mmol), Me6-TREN (13.2 mg, 0.057 mmol), 
1H NMR inner standard trioxane (20.4 mg,0.226 mmol) and anisole (2.000 g) were mixed. The 
resulting mixture was then subject to three cycles of freeze−pump−thaw. After that, the flask was 
placed in an oil bath with a preset temperature of 95 °C. Polymerization was monitored by 1H 
NMR spectroscopy. After 25 h, the polymerization was quenched by transferring the flask into ice 
bath and bubbling the reaction mixture with air. Then the mixture was diluted with THF (5 mL) 
and was passed through a short column of silica gel (bottom)/activated basic Al2O3 (top) (2/1, v/v). 
Unreacted monomer and other compounds were removed by precipitation method as described in 
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synthesis of PS1S. DP was 139, determined from the 1H NMR spectra of the samples taken from 
the reaction mixture at the beginning and at the end of the polymerization using the integrals of 
the peaks at 5.70 ppm (CHH=CH– from M1S) and 5.18 – 5.19 ppm (-O-CH2 from trioxane) and 
the feed ratio between the monomer and initiator. Mn,SEC of the polymer was 23.2 KDa with a PDI 
of 1.29. The polymer was named as PM1S-23.2k.  
4.2.5 Synthesis of Sulfur-Containing Polymer-Grafted TiO2 NPs 
4.2.5.1 Synthesis of ATRP Initiator-Functionalized TiO2 NPs   
Synthesis of 2-bromo-N-(3,4-dihydroxyphenethyl)-2-methylpropanamide (catechol-terminated 
ATRP initiator) Na2B4O7·10H2O (3.852 g, 0.010 mol) was added into a 250 mL three-necked 
round bottom flask, followed by the addition of 100 mL DI H2O. Then the solution was bubbled 
with N2 for 30 min. After that, dopamine hydrochloride (1.924 g, 0.010 mol) was added into the 
solution. The flask was then immersed into an ice bath, and 2-bromo-2 methylpropionyl bromide 
(2.604 g, 0.011 mol) was injected dropwise using a disposable syringe. The pH of the reaction 
mixture was then adjusted to 9-10 using Na2CO3. The mixture was stirred in dark at room 
temperature. After 23 h of reaction, the pH of the reaction mixture was adjusted to 2 using 6 M 
HCl solution (20 mL). Then the mixture was extracted with ethyl acetate (100 ml) for 3 times. 
After that, the combined ethyl acetate extracts were dried over anhydrous Na2SO4 overnight. After 
filtration and concentration, a brown viscous oil was obtained. Yield: 1.802 g, 59.6 %.  
Original TiO2/DI H2O dispersion (2.133 g, 15 wt%, containing 0.320 g TiO2 NPs) was 
weighed in a 25 mL two-necked round bottom flask equipped with a stir bar and was diluted with 
DMF (3 mL). The flask was then bubbled with N2 for 10 min. Catechol-terminated ATRP initiator 
(0.501 g, 1.66 mmol) was weighed in a vial, followed by the addition of DMF (2 mL) to form a 
solution. This initiator solution was added into the flask containing TiO2 NPs dispersion dropwise. 
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The reaction mixture was stirred in dark at room temperature overnight. After 48 h of reaction, the 
initiator NPs were isolated by ultracentrifugation (Beckman Optima L-90k Ultracentrifuge with 
type 60 Ti rotor, 35,000 rpm, 4 °C, 1 h). The collected NPs were redispersed in DMF and isolated 
again by ultracentrifugation (35,000 rpm, 4 °C, 1 h). This washing process was repeated a total of 
four times. Then the purified initiator NPs (designated as INP-1) were redispersed in anisole. An 
aliquot of the NP dispersion (0.100 g) was taken out and dried in a small vial under high vacuum 
over 5 h. The mass of the initiator NPs was 1.83 mg; thus, the concentration of the initiator NPs in 
the dispersion was 18.3 mg/g solution. Number-averaged dimeters in DMF measured by DLS: 
19.2 ± 0.6 nm. Using the similar approach, INP-2 were also obtained with a concentration of 27.0 
mg/g solution (Number-averaged dimeters in DMF: 20.6 ± 0.8 nm) 
4.2.5.2 Synthesis of PS1S Brush-Grafted TiO2 NPs (TiO2 Hairy NPs) 
Described here is the synthesis of PS1S brush-grafted TiO2 Nanoparticles with free PS1S 
Mn,SEC of 31.5 kDa (PS1S-HNP-31.5k) using INP-1 via SI-ATRP. S1S monomer (2.510 g, 11.090 
mmol) was mixed with INP-1 dispersion in anisole (2.747 g, 18.2 mg/g dispersion, an equivalence 
of 50 mg initiator NPs) in a vial. Then this mixture was sonicated for 15 min (Fisher Scientific 
Model B200 Ultrasonic Cleaner) until a translucent dispersion was formed (dispersion 1). After 
that, to a 25 mL two-necked round bottom flask equipped with a stir bar, CuBr powder (4.8 mg, 
0.033 mmol), Cu(0) powder (2.3 mg, 0.036 mmol), free initiator EBiB (4.4 mg, 0.023 mmol) and 
1H NMR inner standard trioxane (11.6 mg, 0.129 mmol) were added, followed by the addition of 
the dispersion 1. After degassed by two freeze−pump−thaw cycles, Me6-TREN (15.0 mg, 0.065 
mmol) was added into the mixture through a degassed microsyringe. Then one more round of 
freeze-pump-thaw was performed before the flask was placed in an oil bath with a preset 
temperature of 105 °C. 1H NMR was employed to monitor the progress of polymerization. After 
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the reaction proceeded for 19 h, the flask was removed from the oil bath and opened to air. The 
reaction mixture was diluted with THF. The particles were isolated by centrifugation (35,000 rpm, 
1h). This washing process was repeated for another three times. A portion of the supernatant liquid 
from the first cycle was passed through a short column of silica gel (bottom)/activated basic 
aluminum oxide (top) (2/1, v/v). The molecular weight of the free polymer was 31.5 kDa, with 
PDI of 1.23, calculated from the 1H NMR spectra of the samples taken from the reaction mixture 
at the beginning and at the end of the polymerization using the integrals of the peaks at 5.18−5.22 
ppm (-CH=CH2 from S1S) and 5.18 – 5.19 ppm (-O-CH2 from trioxane), the conversion was 29.7 
%.  Using the same method, PS1S-HNP-11.8k, PS1S-HNP-22.6k and PS1S-HNP-43.3k were 
synthesized from INP-1. PM1S-HNP-25.5k was synthesized using similar procedure with a 
polymerization temperature of 95 °C from INP-2. 
4.2.6 Thin Film Preparation  
4.2.6.1 Substrate Supported Thin Film of Polymers and Hairy Nanoparticles 
Spin coating was used to make thin films of both polymers and hairy nanoparticles on glass 
substrates.The substrates were first immersed into a fresh made piranha solution, which is a 
mixture of concentrated sulfuric acid (H2SO4, 98 %) and hydrogen peroxide (H2O2, 30 % aqueous 
solution) with a volume ratio of 3:1, to get rid of all the organic residue and were rinsed with DI 
H2O prior to use. The thin films were obtained by spin coating 1 wt % sample solution (for free 
polymers, chloroform was used as the solvent; for hairy NPs, THF was used as the solvent) onto 
the substrate at a spin coating rate of 11,000 rpm for 60 s. 
4.2.6.2 Free-Standing Films of PS1S and PM1S 
Thin films of PS1S and PM1S were spin coated on glass substrates from 1 wt % chloroform 
solutions of the corresponding polymers. Then the substrate-supported thin films were put into a 
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PTFE centrifuge tube with a stir bar and etching solution (11 mL 10 wt % HF water solution) in it. 
The PTFE centrifuge tube was preset in an ice bath. Once the glass was etched by HF, the reaction 
was quenched by adding Ca(OH)
2 
saturated solution into the tube until the pH of the reaction 
mixture was above 6. The freestanding film was taken out of the tube by a tweezer. 
 
4.3 Results and Discussion 
4.3.1 Synthesis and Characterization of Sulfur-Containing Polymer PS1S and PM1S  
4.3.1.1 Synthesis and Characterization of PS1S 
Sulfur-containing styrenic monomer phenyl(4-vinylbenzyl)sulfane (S1S) was synthesized 
via the reaction between 4-vinylbenzylchloride and thiophenol with the presence of NaH (Scheme 
4.1). The function of NaH is to deprotonate thiophenol so that it can react with 4-vinylbenzyl 
chloride via nucleophilic substitution. The 1H NMR and 13C NMR (Figure 4.1) confirmed the 
structure of S1S. Supplemental activator and reducing agent-atom transfer radical polymerization 
(SARA-ATRP) was employed to polymerize the S1S. ATRP is based on the mechanism of 
transition metal-mediated atom transfer radical addition. Cu (0) and CuBr powder of equal molar 
ratio were added into the polymerization system. Copper powder acted  as a supplemental activator 
(SA) other than CuBr and the reducing agent (RA) of  Cu (II) generated during ATRP to reproduce 
Cu (I).23 The polymerization was quenched after a desired monomer conversion was reached. Then 
the reaction mixture was passed through a short silica gel (bottom) /basic Al2O3 (top) column to 
get rid of copper salt. Unreacted monomer and other compounds were removed by repetitive 
precipitiation/redissolution method. 1H NMR spectrum of the polymer is shown in Figure 4.2b; 











Scheme 4.1. Synthesis of sulfur-containing monomer S1S and M1S and synthesis of PS1S and 






















































Figure 4.2. Characterization data of PS1S-20.4k: SEC trace (a), 1H NMR spectrum in CDCl3 (b), 
and TGA curve (c). The TGA analysis was performed in air at a heating rate of 20 °C/min from 
room temperature to 800 °C. 
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was completely removed. Degree of polymerization (DP) was calculated as a product of the 
monomer conversion, determined by 1H NMR, and the ratio [monomer]:[initiator]. Molecular 
weight and PDI were characterized by size exclusion chromatography (SEC). Thermal properties 
of PS1S was studied by TGA. Thermal decomposition of PS1S starts at near 310 °C. A slight slope 
change in the decomposition plot around 450 °C signifies a second phase of decomposition, which 
is probably the break-down of S-C bond.24 The polymer is completely decomposed by 600 °C 
(Figure 4.2c). A total of three PS1S samples were synthesized, as summarized in table 4.1.  
4.3.1.2 Synthesis and Characterization of PM1S 
Monomer M1S was synthesized via the substitution reaction between benzenethiol and 
methacryoyl chloride under basic condition. 1H NMR and 13C NMR (Figure 4.3) spectra of the 
product in CDCl3 confirmed the structure. PM1S was successfully made by SARA-ATRP. The 
polymer was isolated from the monomer by precipitation in methanol. 1H NMR spectrum of PM1S 
is shown in Figure 4.4 b. Peaks between 1.2 ppm and 2.5 ppm signify the protons in backbone and 
the peaks between 7.3 ppm and 7.5 ppm refer to the protons in aromatic ring. The conversion of 
the monomer is 78.1%, determined by NMR analysis and DP was 139. The Mn of PM1S-1 is 23.2 
KDa with a PDI of 1.29, characterized by GPC (Figure 4.4a). TGA analysis of  the polymer shows 
that the onset temperature of thermal decomposition of PM1S is near 250 °C and then the 
decomposition is divided into two stages, a fast stage in the temperature between 250 °C and 400 
°C and a slow stage above 400 °C. The decomposition trend is similar to that of PS1S, where the 
slow stage above 400 °C might be attributed to the decomposition of S-C bonds. The 










Table 4.1. Molecular weight and polydispersity, monomer conversion and calculated DP 
of PS1Ss 
Sample Mn,SEC(KDa), PDIa Conversion (%), DPb 
PS1S-9.0k 9.0, 1.21 18.8, 38 
PS1S-20.4k 20.4, 1.24 28.2, 83 
PS1S-31.8k 31.8, 1.28 41.3, 142 
a: determined by GPC; b: conversion determined by NMR spectroscopy; b: DP = conversion × 























































Figure 4.4. Characterization data of PM1S-23.2k: SEC trace (a), 1H NMR spectrum in CDCl3 (b), 
and TGA curve (c). The TGA analysis was performed in air at a heating rate of 20 °C/min from 
room temperature to 800 °C. 
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4.3.2 Synthesis and Characterization of Sulfur-Containing Polymer-Grafted TiO2 NPs 
4.3.2.1 Synthesis of ATRP Initiator-Functionalized TiO2 NPs 
Catechol chemistry, inspired by marine mussel’s excellent ability to anchor onto a variety of 
surfaces, was employed to synthesize ATRP initiator-functionalized TiO2 NPs. ATRP initiator was 
functionalized with catechol group via the reaction between dopamine and 2-bromo-2 
methylpropionyl bromide (Scheme 4.2b). The chemical structure of catechol-terminated ATRP 
initiator was confirmed by NMR (Figure C3). Then the initiator was added into TiO2/DI H2O 
dispersion. Through chemical interaction between catechol group and the native layer of hydroxide 
group around the TiO2 NPs, ATRP initiator was adsorbed on the particle surface. After 
immobilization reaction, the initiator NPs were collected by ultracentrifugation. Two batches of 
ATRP initiator-functionalized TiO2 NPs were synthesized and were designated as INP-1 and INP-
2, respectively. TGA analysis reveals that compared with the original TiO2 NPs, of which there is 
only neglectable weight loss when heated to 800 °C, the weight loss of the initiator NPs at the 
same temperature was around 15 %, indicating successful immobilization. The size distributions 
of INPs were studied by DLS. The average size of INP-1 is 19.2 nm and that of INP-2 is 20.6 nm 
(Figure C4). 
4.3.2.2 Synthesis of Sulfur-Containing Polymer Brush-Grafted TiO2 NPs 
PS1S-HNP-31.5k was grown by ATRP from the surface of INP-1. The obtained hairy NPs 
were purified by repetitive dispersion in THF and ultracentrifugation. 1H NMR spectrum (Figure 
4.5a) of the hairy NPs obtained after centrifugation indicated the successful growth of polymer 
from the surface of nanoparticles. SEC analysis (Figure 4.6a) shows that the Mn,SEC and PDI of the 
free copolymer formed from EBiB were 31.5 KDa and 1.23, respectively. It is well established 










Scheme 4.2. (a) Synthesis of sulfur-containing polymer brush-grafted TiO2 NPs by surface-







































essentially the same as the polymer brush grown from the surface of the initiator particles.26-28 The 
degree of polymerization (DP) of the free polymer was 132, calculated from the final conversion 
of the monomers determined from the 1H NMR spectrum and the molar ratio of the monomer to 
the sum of free initiator and surface initiator. Figure 4.6b shows the TGA curves of the initiator  
NPs and hairy particles. The weight retention of the PS1S-HNP-31.5k was 33.2 % and that of the 
initiator NPs was 85.5 % at 800 °C. Using the average size of TiO2 NPs (19.2 nm), TGA data and 
the DP of the free polymer, the density of TiO2 NPs (4.23 g/cm
3) and assuming the TiO2 NPs is 
spherical, the grafting density of PS1S brushes was found to be 0.49 chains/nm2. Calculation of 
grafting density was described in detail elsewhere.29 Another three PS1S brush-grafted TiO2 NPs 
samples differing in the molecular weight of the grafted PS1S were synthesized using the INP-1 
as the initiator NPs. The grafting densities of the hairy NPs are in the range of 0.46-0.52 
chains/nm2. TGA analysis reveals that the weight loss of the hairy NPs increases with increasing 
molecular weight. Also synthesized was the PM1S polymer brush-grafted TiO2 NPs, PM1S-HNP-
25.5k, initiated from INP-2. Successful functionalization was confirmed by NMR (Figure 4.5b) 
and TGA analyisis (Figure 4.7b). The grafting density is 0.52 chains/nm2. The morphologies of 
polymer brush-grafted TiO2 NPs were investigated by transition electron microscopy (TEM) 
(Figure 4.8). The samples were casted onto the TEM grid from THF dispersion of the 
corresponding nanoparticles. Hairy TiO2 NPs are irregular in shapes and are self-assembled into 
packed patterns due to repulsion between grafted polymer brushes with lower molecular weight 
polymer brushes resulting in denser pattern. Characterization data of the sulfur-containing polymer 












Figure 4.6. SEC trace of the dried free polymer PS1S formed from the free initiator ethyl 2-
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Figure 4.7. SEC trace of the dried free polymer PM1S formed from the free initiator ethyl 2-
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Figure 4.8. Bright-field TEM micrographs of polymer-grafted TiO2 NPs. (a) PS1S-HNP-11.8 k, 
(b) PS1S-HNP-22.6k, (c) PS1S-HNP-31.5k, (d) PS1S-HNP-43.3k and (e) PM1S-HNP-25.5k. The 
samples were cast onto carbon-coated copper TEM grids from THF dispersion of the 















Table 4.2. Characterization data of sulfur-containing polymer brush-grafted TiO2 NPs 
Initiator 
NPs 





































a Monomer/free initiator b The values of Mn,SEC and polydispersity indices (PDI) were obtained by 
size exclusion chromatography (SEC) calibrated with polystyrene standards. c The degree of 
polymerization (DP) was calculated using the monomer conversion and the molar feed ratio of 
monomer to the sum of free initiator and surface initiator. d Grafting density was calculated by 





4.3.3 Optical Properties of Thin Film Made from Sulfur-Containing Polymers and the 
Corresponding Hairy NPs 
RI values of thin films made from sulfur-containing polymers are summarized in table 4.3. 
The polymer films were casted on silicon wafer and then subjected to RI measurement on a laser 
ellipsometer. The average thickness of the films was between 80 – 90 nm. The RI value of the thin 
film made from PS1S is in the range of 1.6717 to 1.6839 at 623.8 nm. Compared with the RI value  
of polystyrene, which is 1.590, the RI values of PS1S is about 0.1 higher, indicating that the 
incorporation of sulfur atoms into the side chain of polystyrene can increase the RI value of the 
polymer. The RI of PM1S at 623.8 nm is 1.6047. Considering the RI of PMMA is around 1.49, 
the RI of PM1S is reasonable. Transparent and free-standing thin films of PS1S and PM1S (Figure 
4.9) were made by casting polymer onto a substrate, followed by an etching process. sulfur-
containing polymer brush-grafted TiO2 NPs can form homogenous dispersion (1 wt %) in THF 
(Figure 4.10). Substrate-supported thin films of hairy NPs were made by spin coating the 
dispersions on the glass substrates (Figure 4.11). It is worth mentioning that PS1S-HNP-11.8k is 
not able to form very homogeneous film due to the relatively low polymer content, which indicates 
that there might be a trade-off between high RI and processability for polymer nanocomposites.  
 
4.4 Conclusion 
Sulfur-containing polymer brush-grafted TiO2 NPs were synthesized to be applied as 
processable high RI hybrid materials. The polymer chains tethered onto the particles contain sulfur 
as the intrinsic RI enhancer. An increase of 0.1 in RI was observed after the incorporation of sulfur 










Table 4.3. Thickness and RI value of sulfur-containing polymers. The thickness and refractive 
indices were measured on the films of the corresponding samples spin coated on the silicon wafer. 
Sample 
(Polymer) 
Thickness (nm) n (623.8 nm) 
PS1S-9.0k 97.29±7.66 1.6822±0.0470 
PS1S-20.4k 93.53±2.30 1.6837±0.0071 
PS1S-31.8k 95.47±1.60 1.6839±0.0055 



















Figure 4.9. Optical pictures of free-standing films of (a) PS1S-20.4k and (b) PM1S-23.2k. 





















Figure 4.10. Photos of sulfur-containing polymer brush-grafted TiO2 NPs (1 wt% dispersion in 
THF) at room temperature (a) from left to right are PS1S-HNP-11.8 k, PS1S-HNP-22.6k, PS1S-



















Figure 4.11. Photographs of films made from 1wt% of sulfur-containing brush-grafted TiO2 NPs 
in THF. The film was made by spin coating on glass substrates. (a) PS1S-HNP-22.6k, (b) PS1S-











Polymer chains were grown from ATRP-initiator-grafted TiO2 NPs by SI-ATRP. Successful 
polymer grafting was confirmed by NMR, TGA and TEM study. The hairy NPs can form 
homogeneous dispersion in common organic solvents. Thin films of the hairy NPs were made by 
spinning coating the dispersion on substrates. The relative content between tethered polymer 
chains and inorganic high RI core of the polymer-brush-grafted TiO2 NPs can be adjusted by 
controlling feeding ratio [initiator NPs]:[monomer] and monomer conversion. Hairy NPs with  
lower polymer content tends to have higher theoretical value but compromised film formation 
ability, indicating a trade-off between RI value and processability. The hairy NPs show good 
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Appendix C for Chapter 4. Sulfur-containing Polymer Brush-grafted 



















Figure C1. High resolution mass spectrometry (DART-TOF) of (A) S1S: m/z calc. 226.08; [M+] 
226.08; found 226.08073; mass error 3.23 ppm and (B) PM1S: m/z calc. 178.05; [MH+] 179.05; 
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Figure C3. 1H NMR (a) and 13C NMR (b) spectra of the dopamine-terminated ATRP initiator in 



































Figure C4. TGA curves (a) of iniator-functionalized TiO2 NPs. TGA curve of original TiO2 NPs 
is included as reference, and DLS profiles (b) of INP-1 and INP-2. The initiator NPs are dispersed 
in DMF with a concentration of 1 mgg-1.  
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Figure C5. SEC trace of the dried free polymer PS1S formed from the free initiator ethyl 2-
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Figure C6. SEC trace of the dried free polymer PS1S formed from the free initiator ethyl 2-
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Figure C7. SEC trace of the dried free polymer PS1S formed from the free initiator ethyl 2-
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Chapter 5. Polymer Brush-Grafted Silicon Nanoparticles by Surface-Initiated 















This chapter presents an effective method to functionalize silicon nanoparticles (SiNPs) with 
polymers. Two surface immobilization methods: (i) surface silanization and (ii) surface 
hydrosilylation were employed to functionalize SiNPs with an ATRP initiator. Then polymer 
brushes were grafted from the surface of SiNPs via surface-initiated controlled radical 
polymerization from the surface of initiator-functionalized SiNPs. The amount of the polymer 
brushes on SiNPs was determined by thermogravimetric analysis and the morphology of hairy NPs 
was studied by transmission electron microscopy. Grafting densities of the polymer brush-grafted 
SiNPs (hairy SiNPs) made through surface silanization method are in the range of 0.77 – 0.84 
chains/nm2 while those of the hairy SiNPs made through surface hydrosilylation are in between 
0.30 – 0.56 chains/nm2, indicating that surface silanization method gives a denser initiator 













Silicon nanoparticles (SiNPs), with such properties as high refractive index (~ 4.3) at infrared 
regions, high energy capacity and tunable photoluminescence,1-4 have attracted much attention due 
to the potential use in the fields of high RI materials,5 sustainable energy technologies6,7 and 
bioimaging8,9. Problem exists that the weak forces (mainly Van der Waals interactions) between 
bare SiNPs usually cannot sustain the thermal or mechanical stresses occurring during the 
processing of the particles.10 For example, while many applications require the SiNPs to be made 
into thin films, crack and many other defects will form in the films made of bare particles 
directly.11,12 It is therefore of great significance to develop surface pretreatment method to enhance 
compatibility and processability of SiNPs. As is the case for many inorganic nanoparticles, the 
surface pretreatment of SiNPs can be achieved by combining the nanoparticles with organic 
molecules so that the obtained nanocomposites can retain the desired properties from both sides. 
The simplest way to achieve this is to blend the nanoparticles with organic matrix such as low 
molecular weight surfactants or high molecular weight polymers. For instance, to fabricate 
processable high RI nanocomposites, Papadimitrakopoulos and coworkers combined an ethanolic 
suspension of SiNPs with an aqueous solution of gelatin. The obtained mixture was spin coated 
on silicon wafers and annealed to give thin films of which the RI values are directly proportional 
to the volume fraction of SiNPs in the nanocomposites.5 Simple as it is, blending method has a big 
drawback as the dispersion of the particles in the organic matrix is usually not homogeneous due 
to phase separation. On the other hand, surface modification of SiNPs based on chemical method, 
where small molecules or polymers are covalently attached onto the surface of SiNPs can usually 
result in better dispersion even at higher particle loading. Surface hydrosilylation, first introduced 
by Linford and Chidsey,13,14 is so far the most commonly used method for modifying the surface 
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of SiNPs by the formation of Si-C bond through insertion of an unsaturated C-C bond (usually an 
alkyne or alkene) into surface Si-H bond. Throughout years, surface hydrosilylation of all 
derivatives (activated thermally, 15-17 photochemically,18,19 catalyzed by transition metals20,21 or by 
other mechanism) have been reported. For instance, radical-initiated surface hydrosilylation using 
2,2’-azobis(2-methylpropionitrile) (AIBN) or benzoyl peroxide (BPO) as initiator have been 
employed to modify silicon nanocrystals. 24 Polymers are advantageous over small molecules with 
their excellent processability and great mechanic strength. Polymer brush-grafted SiO2, TiO2 and 
ZrO2 NPs have been reported.
25-30, 34 The modification methods can be categorized into either 
“grafting to” or “grafting from”. In “grafting to” method, end-functionalized polymers are grafted 
onto the surface of functionalized NPs, while in “grafting from” method polymer brushes are 
grown from the surface of initiator-functionalized inorganic NPs. In general, “grafting from” 
method gives hairy NPs with higher grafting density in that monomers can diffuse to the 
propagating site on the particles more easily than polymers.29,31-33 The hairy NPs made by “grafting 
from” method have been shown to exhibit excellent dispersability and processability. For instance, 
poly(lauryl methacrylate) brush-grafted silica and titania NPs synthesized by surface-initiated 
atom transfer radical polymerization have been used as lubricant additives for friction and wear 
reduction.34 Both “grafting to” and “grafting from” methods have been used to modify bulk silicon 
surface.35-42 However, from my best knowledge, there isso far no report on the surface modification 
of SiNPs with polymers.  
In this chapter, we presented the synthesis of hairy SiNPs by surface-initiated controlled 
radical polymerization (SI-CRP) from the surface of initiator-functionalized SiNPs. Two 
approaches were developed for the immobilization of ATRP initiator onto the surface of SiNPs, 
namely, (i) surface silanization (surface hydrolysis/condensation of ATRP initiator-terminated 
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triethoxysilane) method and (ii) surface hydrosilylation method. In method (i), commercial silicon 
nanopowder was first etched by a mixture of nitric acid (HNO3) and hydrofluoric acid (HF) to 
reduce the aggregation of the particles, and then the etched SiNPs were treated with hydrogen 
peroxide (H2O2) to enrich silanol groups onto the particle surface.
43 An ATRP initiator was then 
immobilized onto the particle surface by hydrolysis/condensation reaction of triethoxysilane-
terminated ATRP initiator. Surface-initiated atom transfer radical polymerization (SI-ATRP) of 
styrene or n-butyl acrylate from the surface of the initiator functionalized NPs gives hairy NPs 
with the grafting density around 0.8 chains/nm2. Although the well-known silane chemistry proves 
to be a robust approach to functionalize the surface of inorganic NPs, the inevitable introduction 
of a silicon oxide layer on SiNPs could cause some issues, especially in the cases where non-oxide 
SiNPs are needed. 44,45 Surface hydrosilyation is an oxide-free alternative to directly introduce the 
initiator onto the surface of SiNPs. HNO3/HF etching was used as the first step to introduce Si-H 
bond onto the surface of SiNPs, and then an ATRP initiator functionalized with an alkene group 
was linked to the surface of Si-H NPs by surface hydrosilyation. Different polymers including 
polystyrene (PS), poly(n-butyl acrylate) (PnBA) and poly(methyl acrylate) (PMA), were grown 
from the initiator-functionalized silicon particles with a grafting density varying from 0.30 to 0.56 
chains/nm2 using SI-CRP. Successful growth of the polymer chains from the surface of initiator-
functionalized SiNPs made by the two protocols were confirmed by thermogravimetric (TGA) 
analysis, and the morphology of the hairy SiNPs were studied by transition electron microscopy 




5.2 Experimental Section 
5.2.1 Materials 
Silicon nanopowder (Si, 98+%, < 80 nm according to U.S. Research Nanomaterials, Inc) and 
triethoxysilane (95%, Acros) was used as received. A platinum−divinyltetramethyldisiloxane 
complex in xylene (2.1−2.4% Pt concentration in xylene) was purchased from Gelest, Inc. CuBr 
(98%, Aldrich) was stirred in glacial acetic acid overnight, filtered, and washed with absolute 
ethanol and diethyl ether. The purified CuBr was dried under vacuum. N, N, N’, N’, N”- 
Pentamethyldiethylenetriamine (PMDETA, 99%, Aldrich) and ethyl 2-bromoisobutyrate (EBiB, 
98%, Aldrich) were dried with CaH2 and distilled under reduced pressure. Hexamethylated tris(2-
aminoethyl)amine (Me6-TREN) was synthesized as described in the literature
46. Methyl acrylate 
(MA, 99%, contains ≤100 ppm monomethyl ether hydroquinone (MEHQ) as inhibitor, Aldrich) 
and n-butyl acrylate (nBA, 99%, stabilized by 10-200 ppm MEHQ, Acros) were passed through a 
column of silica gel (bottom)/activated basic aluminum oxide (top) (2/1, v/v), respectively to 
remove the inhibitor and were stored in a refrigerator prior to use. Styrene (> 99%, contains 4-tert-
butylcatechol as stabilizer, Aldrich) was distilled to remove the stabilizer and was stored in a 
refrigerator prior to use. All other chemical reagents were purchased from either Sigma Aldrich or 
Fisher/Acros and used without further purification. 
5.2.2 General Characterization 
1H NMR spectra were recorded on a Varian Mercury 300 NMR spectrometer. Size exclusion 
chromatography (SEC) of the free polymers formed in the synthesis of hairy NPs was carried out 
at ambient temperature using PL-GPC 20 (an integrated SEC system from Polymer Laboratories, 
Inc.) with a refractive index detector, one PLgel 5 μm guard column (50 × 7.5 mm), and two PLgel 
5 μm mixed-C columns (each 300 × 7.5 mm, linear range of molecular weight from 200 to 2 000 
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000 Da). THF was used as the solvent, and the flow rate was 1.0 mL/min. Narrow-disperse 
polystyrene standards were used to calibrate the system. The data were processed using Cirrus 
GPC/SEC software (Polymer Laboratories, Inc.). Thermogravimetric analysis (TGA) was 
performed under Argon purge at a heating rate of 20 °C/min from room temperature to 800 °C 
using TA Q-series Q50. The NPs were dried at 45 °C in vacuum for > 5 h prior to analysis. 
Transmission electron microscopy (TEM) was performed using a Zeiss Libra 200 HT FE MC 
microscope, and bright field images were taken with a bottom mounted Gatan UltraScan 
US1000XP CCD camera. Samples were drop-cast from dispersions in ethanol (for original silicon 
particles and silicon particles after etching) or tetrahydrofuran (THF) (for hairy silicon particles) 
with a concentration of 1 mg/mL onto a carbon-coated, copper TEM grid using a glass pipette and 
were dried at ambient conditions. 
5.2.3 Synthesis of Polymer Brush-Grafted SiNPs from the Surface of ATRP Initiator-
Functionalized SiNPs Made by Surface Silanization  
5.2.3.1 Preparation of ATRP Initiator-Functionalized SiNPs via Surface Silanization.  
What is described here is the synthesis of ATRP initiator functionalized SiNPs (INP-I-1) by 
surface silanization. 10-Undecenyl 2-bromoisobutyrate (long-chain ATRP, 0.206 g, 0.64 mmol), 
triethoxysilane (2 mL, 10.84 mmol), and the platinum−divinyltetramethyldisiloxane complex in 
xylenes (2.1−2.4% platinum concentration, 20 μL) were added into a 25-mL two-necked round-
bottom flask. The mixture was stirred at 45 °C under N2. 
1H NMR spectroscopy was used to 
monitor the reaction. Once the reaction was complete, excess triethoxysilane was removed under 
vacuum at 45 °C. The product was used directly in the next step for the preparation of INP-I-1. 
Yield: 0.196 g, 95.2 %. The original silicon nanopowder (0.540 g) were dispersed in pure methanol 
(10 mL) in a PTFE centrifuge tube with a stir bar inside it. The tube was then put into an ultrasonic 
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bath while being stirred. A mixture of HF (48 wt %, 10 mL) and HNO3 (69 wt %, 1 mL) was added 
to the resulting dispersion. The etching reaction was carried out for 30 min before the reaction 
mixture was diluted with pure methanol (20 mL). The NPs were then isolated with centrifugation 
(11, 000 rpm, 15 min). The cycle of isolation and re-dispersion was repeated for a total of three 
times. The same etching procedure was carried out on another batch of the original silicon 
nanopowder (0.557 g). Then the combined HF/HNO3 etched SiNPs (yield: 0.549 g, 50.0 %) were 
added in absolute ethanol (10 mL) in a 100 mL three-necked flask and the mixture were 
ultrasonicated for 10 min until the particles were well dispersed in the solvent. H2O2 (30 wt %, 30 
mL) was then added into the resulting dispersion dropwise and the reaction mixture was refluxed 
under N2 for 48 h. After the reaction, the NPs were isolated by centrifugation (11,000 rpm, 15 
min). This washing process was repeated for a total of three times. The surface-oxidized SiNPs 
were dried in a vial under high vacuum at room temperature overnight. Yield: 0.480 g, 87.5 %. 
Surface-oxidized SiNPs (0.450 g) were addedinto absolute ethanol (20 mL), and the mixture was 
ultrasonicated until a homogeneous, stable dispersion was formed. A solution of ammonia (25% 
in water, 0.065 g) in ethanol (5 mL) was added dropwise into the particle dispersion. Then 
triethoxysilane-terminated long-chain ATRP initiator freshly synthesized from long-chain ATRP 
initiator (0.200 g, 0.41 mmol) was added into the resulting dispersion. After the reaction mixture 
was stirred at 60 °C for 45 h, the NPs were isolated by centrifugation (11,000 rpm, 30 min) and 
redispersed in THF. This process was repeated for a total of four times. The obtained initiator-
functionalized SiNPs (INP-I-1) (yield: 0.420 g, 93.3 %) were then dried in a vial under high 
vacuum at room temperature overnight. INP-I-2 was prepared using the same method.  
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5.2.3.2 Synthesis of Polystyrene Brush-Grafted SiNPs from the Surface of INP-I-1 by 
Surface-Initiated ATRP (SI-ATRP)  
The following description is a procedure for the synthesis of polymer brush-grafted SiNPs 
with free PS Mn,SEC of 58.0 kDa . (PS-I-1-58.0k) from INP-I-1. INP-I-1 (0.230 g) were dispersed 
in anisole (3.000 g) with an NP concentration of 7.12 wt % in a 50-mL two-necked round bottom 
flask equipped with a stir bar. Then styrene (8.112 g, 78.70 mmol), free initiator EBiB (19.7 mg, 
0.10 mmol), CuBr (15.4 mg, 0.11 mmol), PMDETA (20.3 mg, 0.12 mmol), trioxane (20.1 mg, 
0.22 mmol) and anisole (5.000 g) were added into flask. After degassed by three 
freeze−pump−thaw cycles, the flask was placed in an oil bath with a preset temperature of 90 °C. 
Small portions of reaction mixture were withdrawn by degassed syringe at intervals for the purpose 
of monitoring the progress of the polymerization. After the reaction proceeded for 24 h, the 
polymerization was quenched by removing the flask from the oil bath and being opened to air. The 
reaction mixture was diluted with THF. The NPs were isolated by centrifugation (11,000 rpm, 30 
min). This washing process was repeated for a total of five times. A portion of the supernatant 
liquid from the first cycle was passed through a short column of silica gel (bottom)/activated basic 
aluminum oxide (top) (2/1, v/v). The Mn,SEC of the free polymer was 58.0 k with a PDI of 1.19. 
Degree of polymerization (DP) is 558, which is calculated by dividing Mn,SEC with the molecular 
weight (MW) of styrene. The conversion of the monomer is 73.7 %, calculated from the 
1H NMR 
spectra of the samples taken from the reaction mixture at the beginning and at the end of the 
polymerization using the integrals of the peaks at 5.26 – 5.32 ppm (-CH=CHH from styrene) and 
5.18 – 5.19 ppm (-O-CH2 from trioxane). PnBA-I-1-58.0k was synthesized using the same method 
from INP-I-1 with a polymerization temperature of 95 °C. Polystyrene brush-grafted SiNPs were 
prepared from INP-I-2 following similar procedure and was designated as PS-I-2-31.7k.  
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5.2.4 Synthesis of Polymer Brush-Grafted SiNPs from the Surface of ATRP Initiator-
Functionalized SiNPs Made by Surface Hydrosilylation 
5.2.4.1 Preparation of ATRP Initiator-Functionalized SiNPs via Surface Hydrosilylation 
The following procedure is the preparation of ATRP initiator-functionalized SiNPs by 
surface hydrosilylation method. The original silicon nanopowder (0.485 g) was etched by a 
mixture acid of HF and HNO3 using the same procedure described previously for the synthesis of 
INP-I-1. The freshly etched Si-H NPs were used directly in the next step without further drying.  
Si-H NPs (0.200 g) were dispersed directly in allyl 2-bromo-2-methylpropanoate (short-chain 
ATRP initiator, 1.965 g, 9.49 mmol) by ultrasonication to form a homogeneous, stable dispersion. 
The platinum−divinyltetramethyldisiloxane complex in xylenes (2.1−2.4% platinum 
concentration, 50 μL) was then added into the resulting dispersion by a microsyringe. After 
degassed by three freeze−pump−thaw cycles, the reaction mixture was placed in an oil bath with 
a preset temperature of 60 °C. After the reaction mixture was stirred for 70 h, the NPs were isolated 
by ultracentrifugation (11,000 rpm, 45 min) and redispersed in THF. After repeating this isolation-
redispersion process for a total of three times, the obtained initiator functionalized NPs (yield: 
0.189 g, 94.5 %) were dried in a vial under high vacuum at room temperature for over 5 h. Another 
batch of initiator NPs, INP-II-2, waswere synthesized using the same method. 
5.2.4.2 Synthesis of Polymer Brush-Grafted SiNPs from the surface of INP-II-1 by SI-ATRP  
Different polymers were grown from the surface of ATRP-initiator-functionalized silicon 
nanoparticles. What is shown here is the synthesis of PS brush-grafted SiNPs with free PS (formed 
from free initiator added) Mn,SEC of 41.1 KDa (PS-II1-41.1k) from INP-II-1. INP-II-1 (0.077 g, 
pre-dispersed in 3.600 g anisole with a NP concentration of 2.09 wt %) was added into a 25 mL 
two-necked round bottom flask, followed by the addition of styrene  (5.825 g, 56.00 mmol), free 
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initiator EBiB (19.8 mg, 0.10 mmol), CuBr (15.9 mg, 0.11 mmol), PMDETA (19.0 mg, 0.11 
mmol), trioxane (36.8 mg, 0.41 mmol) and anisole (2.500 g). After degassed by three cycles of 
freeze−pump−thaw, the flask was placed in an oil bath of which the temperature was set at 90 °C. 
1H NMR was employed to monitor the progress of polymerization. After the reaction proceeded 
for 6 h, the flask was removed from the oil bath and opened to air. The reaction mixture was diluted 
with THF. The particles were isolated by centrifugation (11,000 rpm, 30 min). After 5 times of 
washing cycle, a portion of the supernatant liquid from the first cycle of centrifuge was passed 
through a short column with silica gel at bottom and activated basic aluminum oxide on top (2/1, 
v/v). The molecular weight (Mn,SEC) of the free polymer was 41.1k and the PDI is 1.16. The 
conversion of monomer was 70.8 %, calculated from the 1H NMR spectra of the samples taken 
from the reaction mixture at the beginning and at the end of the polymerization using the integrals 
of the peaks at 5.26 – 5.32 ppm (-CH=CHH from styrene) and 5.18 – 5.19 ppm (-O-CH2 from 
trioxane), and the DP was 384. The same method was used to synthesize PnBA brush-grafted 
SiNPs PnBA-II-1-41.3 k from INP-II-1 and PnBA-II-2-50.5k from INP-II-2 with the temperature 
of polymerization setting at 95 °C.   
5.2.4.3 Synthesis of Poly(methyl acrylate) Brush-Grafted SiNPs by Surface-Initiated Single 
Electron transfer “Living”/Controlled Radical Polymerization (SET-LRP)  
In a typical experiment, initiator NPs (INP-II-2, 0.0588 g, pre-dispersed in 3.500 g of 
dimethyl sulfoxide (DMSO) with a NP concentration of 1.68 wt %), methyl acrylate monomer ( 
4.853 g,  56.43 mmol), free initiator EBiB ( 21.2 mg,  0.11 mmol), Cu(0) powder ( 6.6 mg, 0.10 
mmol) and DMSO (6.631 g) were added to a 50 mL two-neck round bottom flask in the following 
order: Cu(0), EBiB, MA, initiator NPs dispersion and DMSO. Freeze−pump−thaw was used to 
degass the reaction mixture and this process was repeated for another 2 times. Before the last cycle 
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of freeze-pump-thaw, Me6-TREN (21.7 mg, 0.10 mmol) was added into the mixture through a 
degassed microsyring. After that, the temperature of the mixture was raised to room temperature 
in a water bath and stirred for 70 min. Then the polymerization was quenched by opening the flask 
to air and diluting the reaction mixture with THF; The NPs were isolated by centrifugation (11000 
rpm, 30 min) and redispersed in THF, this isolation-dispersion process was repeated for another 
four times. The free polymer was purified by passing a portion of the supernatant liquid from the 
first cycle through a short column of silica gel (bottom)/activated basic aluminum oxide (top) (2/1, 
v/v). SEC results: Mn,sec = 43.7 k, PDI =  1.14. Calculated from the 
1H NMR spectrum taken right 
after the polymerization was stopped using the integrals of the peaks at the peaks at 3.58 – 3.65 
ppm (-O-CH3 from PMA) and 3.71 – 3.72 ppm (-O-CH3 from MA), the conversion was 99.8 %, 
and the DP was 517. This hairy NP samplewas designated as PMA-II-2-43.7k.  
 
5.3 Results and Discussion 
5.3.1 Solution Etching of SiNPs 
The known etching process of SiNPs with HF is employed here to decrease the aggregation 
of the original SiNPs.47 Furthermore, this etching process can introduce Si-H bonds onto the 
surface of SiNPs and create a platform for surface hydrosilyation. After solution etching, the 
particles show better dispersion in ethanol compared with the original SiNPs as indicated by the 
TEM pictures (Figure 5.1).  
5.3.2 Synthesis of Hairy SiNPs from Initiator-Functionalized SiNPs Made by Surface 
Silanization 
Surface silane chemistry in which polymers or small molecules end-functionalized with a 










Figure 5.1 Bright field TEM micrographs of original silicon nanopowder (a1 and a2) and (b) 
SiNPs after HF/HNO3 etching. The SiNPs were cast onto carbon-coated, copper TEM grids from 






surface silanization route, the etched SiNPs, with anaverage size of 92 nm, determined from TEM 
micrographs, were surface oxidized by H2O2 to introduce hydroxyl groups onto the particle 
surface. An ATRP initiator was then immobilized onto the particle surface by ammonia-mediated 
hydrolysis/ condensation of a triethoxysilane-terminated ATRP initiator. Si/SixOy NPs were first 
homogeneously dispersed in absolute ethanol by ultrasonication, to which ammonia and the 
triethoxysilane-terminated ATRP initiator were added. Ammonia promoted the hydrolysis of 
silane. The mass ratio of the silane initiator to the oxidized SiNPs used here was 2:1, and the 
immobilization reaction was carried out at 45 °C for a total of 45 h. The initiator NPs were purified 
by centrifugation/dispersion process and were dried under high vacuum overnight. Then the dry 
particles were dispersed in anisole to form a homogeneous dispersion. Different polymer brushes 
including PS and PnBA were grown from the initiator NPs by surface-initiated ATRP of the 
corresponding monomer using CuBr/PMDETA as catalyst in the presence of free initiator EBiB. 
The purpose of the addition of free initiator is to have a better control of the surface polymerization 
as well as to provide a convenient way to monitor the progress of the reaction. Initiator NPs, INP-
I-1 and INP-I-2, were synthesized using this route. PS-I-1-58.0k and PnBA-I-1-58.0k were made 
from INP-I-1, and PS-I-2-31.7k was made from INP-I-2. Take PS-I-1-58.0k as an example, after 
a desired monomer conversion was reached, the polymerization was quenched and the obtained 
hairy NPs were purified by repetitive dispersion in THF and centrifugation. SEC analysis showed 
that the Mn,SEC and PDI of the free copolymer formed from EBiB were 58.0 kDa and 1.19, 
respectively. Hence, the DP of the polymer, calculated by dividing Mn,SEC with the MW of styrene, 
was 558. Figure 5.2b shows the TGA curves of the initiator NPs and hairy particles. It is worth 
mentioning that the TGA analysis of the hairy nanoparticles was performed under argon purge 










Scheme 5.1 Synthesis of polymer brush-grafted silicon nanoparticles from initiator-functionalized 
silicon nanoparticles made by (i) hydrolysis/condensation reaction of ATRP initiator-terminated 

















Figure 5.2 SEC trace of the dried free polymer polystyrene formed from the free initiator ethyl 2-
bromoisobutyrate in the synthesis of PS-I-1-58.0k (a) and TGA of (i) original SiNPs, (ii) INP-I-1 








12 13 14 15 16 17 18 19 20 21












































weight retention on TGA curve. The weight retention of the PS-I-1-58.0k was 29.1 % at 800 ℃, 
in contrast to 83.5 % for the initiator NPs, indicating that the polymer brushes were successfully 
grown from the surface of the SiNPs. The morphology of the hairy NPs was investigated by TEM 
(Figure 5.3). The nanoparticles were self-assembled into a pattern. Using the average size of SiNPs 
(92 nm), TGA data (Figure 5.2b), and the DP of the free polymer, and the density of SiNPs (2.33 
g/cm3), the grafting density of PS brushes was found to be 0.83 chains/nm2. The molecular weights 
and grafting densities of PnBA-I-1-58.0k and PS-I-2-31.7k were summarized in table 5.1. 
5.3.3 Synthesis of Hairy SiNPs from Initiator-Functionalized SiNPs made by Surface 
Hydrosilylation 
Silane chemistry is a robust way to functionalize SiNPs with organic moieties. However, the nature 
of the silanization requires the surface of silicon to be oxidized first, where the composition of the 
resulting silicon-oxide surface is difficult to be precisely controlled. Therefore, it is of great 
significance to develop an immobilization method with which an ATRP initiator can be directly 
linked to the surface of SiNPs without introduction of a silanol group. Herein, transition-metal 
catalyzed hydrosilylation was used to directly immobilize ATRP initiator onto the surface of 
silicon nanoparticles by surface hydrosilylation of Si-H bond functionalized SiNPs. HF/HNO3 
etching was used here as the first step to introduce Si-H bond onto the surface of the bare SiNPs. 
It is worth mentioning that the obtained hydrogen-terminated SiNPs are usually not very stable 
toward slow oxidization by air. Therefore, the freshly etched Si-H NPs was used immediately in 
the next step in a semi-wet state. After homogeneously dispersed by ultrasonication in excessive 
amount short-chain ATRP initiator (the mass ratio of the initiator to Si-H NPs used was 15:1). To 
the dispersion, platinum−divinyltetramethyldisiloxane complex in xylenes (2.1−2.4% platinum 










Figure 5.3. Bright field TEM micrographs of PS-I-1-58.0k. The hairy NPs were cast onto carbon-
















Table 5.1. Summary of hairy SiNPs using initiator NPs made by surface silanization 
Initiator 
NPs 
Hairy NPs Ratio a (M:I), 
Monomer Conversion 
(%) 
Mn,SEC (KDa),  
PDI b 
DP c σ (Chains/nm2 ) d 









382 0.84  





a [Monomer]/[free initiator].b The values of Mn,SEC and polydispersity indices (PDI) were obtained 
by size exclusion chromatography (SEC) calibrated with polystyrene standards. c The degree of 
polymerization (DP) was calculated using the monomer conversion and the molar feed ratio of 
monomer to the sum of free initiator and surface initiator. d Grafting density was calculated by 






immobilization reaction was carried out at 60 °C for a total of 70 h. The initiator NPs were purified 
by precipitation and centrifugation and then dried under high vacuum overnight. For the 
preparation of surface-initiated SET-LRP or surface initiated ATRP, the dry particles were 
dispersed in DMSO or anisole, respectively, to form a homogeneous dispersion. Two batches if 
Initiator NPs, INP-II-1 and INP-II-2 were synthesized using this route. Using INP-II-1, hairy NPs 
PS-II-1-41.1k and PnBA-II-1-41.3k were synthesized. Hairy NPs (PMA-II-2-43.7k and PnBA II-
2-50.5k) were synthesized using INP-II-2. Take PMA-II-2-43.7k as an example, PMA brushes 
were grown from the INP-II-2 by surface-initiated SET-LRP of methyl acrylate at ambient 
temperature using Cu(0)/Me6-TREN as catalyst in the presence of free initiator EBiB. The 
monomer reached a nearly complete conversion (99.8 %). The hairy NPs were purified by 
repetitive dispersion in THF and ultracentrifugation. SEC analysis showed that the Mn,SEC and PDI 
of the free copolymer formed from EBiB were 43.7 KDa and 1.14, respectively, indicating that 
the polymerization was controlled. TGA curves shows a 36.2 % difference between the initiator 
NPs and hairy particles at 800 ℃ (Figure 5.4b), which is a clear sign of successful surface-initiated 
polymerization. Using the final conversion of the monomer determined from the 1H NMR 
spectrum and the molar ratio of the monomer to the sum of the free initiator and the surface 
initiator, the DP was calculated to be 517. The grafting density was 0.34 chains/nm2. Table 5.2 
gives a brief summary of the hairy SiNPs made by grafting polymers from the initiator NPs made 
by this oxide-free protocol. TEM pictures of PMA-II-2-43.7k were shown in Figure 5.5. The well-















Figure 5.4. SEC trace of the dried free polymer PMA formed from the free initiator ethyl 2-
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Figure 5.5 Bright field TEM micrographs of PMA-II-2-43.7k. The hairy NPs were cast onto 





















Ratio a (M:I), 
Monomer conversion 
 
Mn,SEC (KDa),  
PDI b 
DP c σ (Chains/nm2 ) d 




















a [Monomer]/[free initiator]. bThe values of Mn,SEC and polydispersity indices (PDI) were obtained 
by size exclusion chromatography (SEC) calibrated with polystyrene standards. cThe degree of 
polymerization (DP) was calculated using the monomer conversion and the molar feed ratio of 
monomer to the sum of free initiator and surface initiator. d Grafting density was calculated by 




5.3.4 Comparison Between the Two Initiator Immobilization Methods 
Two immobilization methods, (i) surface silanization and (ii) surface hydrosilylation are 
employed to functionalize SiNPs with ATRP initiator. The grafting densities (~0.8 chains/nm2) of 
the hairy NPs obtained by method (i) are generally higher than those of the hairy NPs made by 
method (ii), which are around 0.4 chains/nm2. This is probably due to the fact that the 
hydrolysis/condensation reaction of triethoxysilane on the particle surface usually leads to the 
formation of a crosslinked layer of the initiator.48 Surface hydrosilylation, by comparison, does 
not have that effect. Besides, oxidization of the unstable Si-H NPs in air is another possible reason 
that surface hydrosilylation is not effective as surface silanization. However, there is an advantage  
in surface hydrosilylation route in that it is an alternative way to attach initiator directly on the 
surface of original SiNPs without introduction of silanol group. This is especially important for 
the application of SiNPs in such industry as microelectronics or energy storage, where the 
introduction of silica could be an issue.  
 
5.4 Conclusion 
Polymer brush-grafted SiNPs were synthesized by surface-initiated “living”/controlled radical 
polymerization from the surface of initiator-functionalized SiNPs. The initiator SiNPs were made 
by two different immobilization methods, surface silanization and surface hydrosilylation. While 
the surface silanization approach gives hairy SiNPs with higher grafting densities, the surface 
hydrosilylation provides us with a non-oxide option to synthesize hairy SiNPs. Polymer brush-
grafted SiNPs show good stability in common solvents as indicated by TEM pictures. Future works 
on this project include investigating other properties of hairy SiNPs such as compatibility with 
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polymer matrix, processability and mechanical strength and exploring the possibility of applying 
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Appendix D for Chapter 5. Polymer Brush-Grafted Silicon Nanoparticles by 






















Figure D1. SEC trace of the dried free polymer PnBA formed from the free initiator ethyl 2-
bromoisobutyrate in the synthesis of polymer brush-grafted silicon nanoparticles PnBA-I-1-58.0k 







13 14 15 16 17 18 19 20 21















































Figure D2. SEC trace of the dried free polymer polystyrene formed from the free initiator ethyl 2-
bromoisobutyrate in the synthesis of polymer brush-grafted silicon nanoparticles PS-I-2-31.7k (a) 
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Figure D3. SEC trace of the dried free polymer PnBA formed from the free initiator ethyl 2-
bromoisobutyrate in the synthesis of polymer brush-grafted silicon nanoparticles PnBA-II-1-41.3k 
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Figure D4. SEC trace of the dried free polymer polystyrene formed from the free initiator ethyl 2-
bromoisobutyrate in the synthesis of polymer brush-grafted silicon nanoparticles PS-II-1-41.1k (a) 
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Figure D5. SEC trace of the dried free polymer PnBA formed from the free initiator ethyl 2-
bromoisobutyrate in the synthesis of polymer brush-grafted silicon nanoparticles PnBA-II-2-50.5k 
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D.2 Calculation of Grafting Density of polymer Brushes on 92 nm Silicon Nanoparticles 
What is described here is the calculation of grafting density of polymer brushes on 92 nm silicon 
nanoparticles using PS-HNP-31.7k as an example. The data needed for the calculation include the 
size of the SiNPs determined by TEM, Mn,SEC of polystyrene and TGA data of hairy NPs and 
initiator NPs. In order to correct the difference in the weight retentions at 100 ºC of the TGA data 
between hairy NPs and initiator NPs, we choose the larger one of these two weight retentions as a 
reference and adjusted the weight retentions at 800 ºC accordingly. The weight retentions at 100 
ºC of INP-II-1 and PS-HNP-31.7k were 99.96 % and 99.26 %, respectively, while the weight 
retentions at 800 ºC were 94.64 % and 44.98 %, respectively. Thus, we set the weight retention at 
100 ºC as 99.96 %, and the weight retention of PS-HNP-31.7 k at 800 ℃ was adjusted to 45.68 %.  
Therefore, the ratio of the silicon residue to the volatile portion at 800 ℃ was 100:5.66 for INP-I-
1 and 100:118.90 for PS-HNP-31.7k. The molecular weight of the polystyrene, determined by 
GPC, is 3.17 × 104 g/mol. Assuming that the SiNPs are spherical and the density is 2.33 g/cm3, the 
mass of a single silicon NP, of which the diameter is 92 nm, is 9.50 × 10-16 g. The mass of the 
grafted polymer on one single SiNPs is then calculated to be 1.08 × 10-15 g.  Therefore the number 
of polystyrene chains grafted on one SiNPs is 1.08 × 10-15 g/(3.17*104 g/mol) × 6.022 × 1023 = 
20516 chains. Hence, the grafting density of PS brushes on SiNPs is 20516 chains/ (𝜋 × 922)= 
0.77 chains/nm2. We use the molecular weight determined by GPC as the “actual” molecular 
weight of polystyrene here because polystyrene is used as the standard polymer for the calibration 
of the GPC. However, the molecular weight of PMA and PnBA should be calculated as the product 
of the DP of the polymer and the molecular weight of the monomer.  Here, DP is the product of 
the monomer conversion and the molar ratio of the monomer to the sum of free initiator and surface 
initiator. Below is an example of calculation of DP based on sample PnBA-I-1-58.0k. First step is 
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to correct the difference in the weight retentions at 100 ºC of the TGA data between hairy NPs and 
initiator NPs, we choose the larger one of these two weight retentions as a reference and adjusted 
the weight retentions at 800 ºC accordingly. The weight retentions at 100 ºC of INP-I-1 and PnBA-
I-1-58.0k were 99.95 % and 99.56 %, respectively, while the weight retentions at 800 ºC were 
83.50 % and 27.10 %, respectively. Thus, we set the weight retention at 100 ºC as 99.95 %, and 
the weight retention of PnBA-I-1-58.0k at 800 ℃ was adjusted to 27.20 %.  Therefore, the ratio of 
the silicon residue to the volatile portion at 800 ℃ was 100:19.76 for INP-I-1 and 100:267.65 for 
PnBA-I-1-58.0k. Since the mass of the initiator NPs used is 230 mg, then the total mass of grafted 
PnBA is [(267.65-19.76)/ (100 + 19.76)] × 230 mg = 476 mg. Then using the monomer conversion 
70.3 % and the mass of monomer 8.112 g (78 mmol), we can calculate the total amount of polymer 
(free polymer + grafted polymer), which is 5.703 g. Thus, the mass of free polymer is 5.225 g. The 
free initiator used on the polymerization is 19.7 mg (101 µmol), so the total moles of the initiator, 
including free initiator and surface initiator, is 101× (5.703/5.225) = 110 µmol. Therefore, the ratio 
between monomer to total amount of initiator was 709 and the DP was 498. The molecular weight 
of PnBA is 6.37 × 104 g/mol. Then using the same method as mentioned before, the grafting density 



































Successful implementation of application-specific surface functionalization of nanoparticles 
depends on a variety of factors, including the type of nanoparticles, the design of suitable 
functionalities and the selection of functionalization methods. This dissertation work provided two 
vivid cases demonstrating the development of effective nanoparticle surface functionalization 
methods confronting specific problems in different applications.  
The first case is the application of silicon nanoparticles (SiNPs) as safe and high-capacity 
anode materials of next-generation lithium-ion battery. The biggest issue preventing massive 
commercialization of silicon anode is the drastic volume change during lithiation/delithiation 
process, which leads to many problems such as fracture of active materials, instability of 
electrode/electrolyte interface and isolation of active materials from conductive network, and 
eventually causes rapid capacity fade.1 Chapter 2 presented a proof of concept that modification 
on particle level can help to improve the electrochemical performance of silicon electrode.2 
Surface silanization reaction was adopted to attach an epoxy group onto the surface of SiNPs. 
Silanization is a robust method to functionalize nanoparticle surface with organic moieties by the 
reaction between surface hydroxide group and silane compounds. For better functionalization 
effect, SiNPs was pretreated with boiling peroxide solution to introduce more hydroxy groups on 
the surface. Compared with the electrode made by pristine SiNPs, the electrode based on epoxy-
functionalized SiNPs showed better capacity retention over extended electrochemical cycles and 
lower interfacial resistance. This improvement could be attributed to the reaction between surface 
epoxy group with poly(acrylic acid) binder as confirmed by both FTIR and TGA analysis. The 
reaction helped to promote integrity of conductive network as indicated by SEM analysis and peel 
tests. Furthermore, XPS analysis also revealed that surface functionalization helps to stabilize 
electrode/electrolyte interface and to mitigate parasitic reaction of electrolyte solvents and salts on 
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electrode surface. In Chapter 3, plasma-synthesized SiNPs covered with Si-H bonds provide a 
platform to anchor a series of specially designed functional groups featuring ethylene oxide of 
different chain lengths, which is also terminated with an epoxy group, onto the particle surface by 
surface hydrosilylation reaction. Surface hydrosilylation reaction is an alternative to surface 
silanization reaction to synthesize oxide-free SF-SiNPs.3 When applied as active materials in 
graphite-silicon composite electrode, SF-SiNPs had better stability in electrode lamination than 
bare particles as indicated by TEM and dispersion test. In addition, electrode based on SF-SiNPs 
showed improvements in both initial capacities and capacity retention than that of pristine SiNPs. 
SF-SiNPs with only ethylene oxide group were fabricated in a purpose to study the different roles 
of the two functional groups. Based on the results of this controlled experiment, it was derived that 
that surface ethylene oxide group mainly helped to mitigate irreversible capacity loss and increase 
capacity retention with its ability to facilitate transport of Li+, while surface epoxy group enhance 
utility efficiency of the capacity of active materials by promoting binder-particle interaction. 
Furthermore, it was found that the grafting density of surface functional groups is in positive 
relations with electrochemical performance of SiNPs. Significance of this work lies in that it 
demonstrated that surface properties of SiNPs can be tuned by manipulating the types and densities 
of surface functional groups and thus in turn influence the electrochemical performance. With this 
guideline, other surface functional groups can be designed to address specific problems related 
with silicon anode. For instance, a “sacrificial” SEI layer can be introduced onto the surface of 
SiNPs to stabilize the electrode/electrolyte interface or an electronic conductive functional group 
can be attached to enhance the electronic conductivity of anode surface.  
The second case is the development of processable high RI materials. Many metal oxides 
nanoparticles have high RI but cannot be applied directly as optical materials due to poor 
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precessability. Functionalization of metal oxide nanoparticles with polymers of excellent 
processability and mechanical properties is a feasible way towards the purpose.4 Chapter 4 
described the synthesis of polymer brush-grafted titanium dioxide nanoparticles (hairy TiO2 NPs) 
by SI-ATRP to make processable high RI hybrid materials. The incorporation of sulfur atom, 
which has high molar refraction and good compatibility with polymer matrix, into the side chain 
of styrenic- and methacrylatetype polymers increases the RIs of the polymers. SI-ATRP is an 
extensively used method to grow polymer chains with controlled structures and chain length from 
nanoparticles.5, 6 The hairy TiO2 NPs can be made into thin films and have good potential to be 
used in high RI nanocomposites. Possible future work on this project includes introduction of other 
intrinsic high RI polymers such as oragnometallic polymers or different polymer architectures such 
as block polymers onto the nanoparticles to retain more functionalities. 
 The two cases in this dissertation work is just the tip of the iceberg. There are many other 
fields where surface functionalization can be employed to address the problems in the practical 
use of nanoparticles. In terms of SiNPs, apart from being a promising anode alternative for lithium-
ion battery, SiNPs are also “star” materials in many other fields such as semiconductors, sensors , 
optics and so on. Successful application of SiNPs in these fields requires good compatibility and 
processability of the particles. Chapter 5 described a potential method to achieve this purpose. 
Polymer brush-grafted SiNPs (hairy SiNPs) were synthesized by SI-LRP. The LRP initiators are 
immobilized onto the particle surface with two different methods: surface silanization and surface 
hydrosilylation. Surface silanization method gives hairy SiNPs with higher grafting densities, 
while surface hydrosilylation provides an oxide-free functionalization option. TGA and TEM 
analysis confirms the success of the functionalization. The hairy SiNPs show good stability in 
common solvents. As for the future work, the processability and compatibility of the hairy SiNPs 
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needs to be further verified. The hairy SiNPs have many possible applications. For instance, the 
particles can be used as building block in polymer matrix to make high RI hybrid materials as 
SiNPs have very high RI values. Possible future work is to adopt this method in many other 
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